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FOREWORD 


The author of this book, Amar Nath Pun, was born In lasur, 
Punjab, India, in what is now Pakistan. He was 1 

government coUege at Lahore in 1918 and received 

1920, winning the Maclagnan gold medal given to the man who 
stood first among all the science graduates. , ^ 

In 1921, he went to the Rothamsted Experimental SUtion at Har 
penden, near London, where he was engaged in studies under the 
direction of B. A. Keen on physico-chemical properties relating to 
soil colloids. For this work, he was awarded the Ph.D. degree by 
the University of London in 1924. u * 4 ♦ 

On his return to India, the author was successively soil physicist 
to the government of Punjab, physical chemist to the government of 
India at the Imperial Research Institute at Pusa, on special duty 
with the Imperial Council of Agricultural Research of India, physi- 
cal chemist and head of the chemistry department at the Irrigation 
Research Station at Lahore, director of the University Institute of 
Chemistry at Lahore, and founder and director of the Field Research 
Station Trust at Lahore. In 1929, he was awarded the D.Sc. degree 
from the University of London. 

During the course of these various activities, the author has 
written, individually and jointly, more than 100 technical papers. 
These were published In such diverse journals as Annals of Botany, 
Proceedings of the Royal Society , Journal of ^ricultural Science , 
Journal of the Chemical Society . Journal of the Royal Meteorological 
Society , Agricultural Journal of India, Memoirs of the Department 
of Agriculture of India . Imperial Institute of Agricultural Research , 
Soil Science, Publications of the Irrigation Research Institute , Pro- 
ceedings of the Lahore Philosophical Society , Indian Concrete Jour- 
nal , and Journal of the Indian Chemical Society, 

These papers presentnew methods for measuring exchange bases 
and limerequirementsof soils, estimating the gypsum requirements 
of alkali soils, preventing seepage losses, overcoming damage due 
to salt efflorescence, avoidii^ soil deterioration in irrigated areas, 
improving saline waters for irrigation, stabilizing soil for earth 
roads, and storing food grains in rural areas. 

Other papers deal with such inventions as a siltometer, a chain- 
ohydrometer, a salinometer, an apparatus for testing rind- hardness 
of sugar cane, another for measuring soil shrinkage, a manometric 
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device for mechanical analysis of soils, a soil-cohesion meter, a 
soiUerosion meter, and a meter for testing the hardness of soils. 

With this as a background, the reader Is prepared to consider 
the author* s point of view on the subject with which this book is 
concerned. The concepts that are contained in it are based in large 
part on the author's own work, covering a quarter of a century. 
He starts with the very simple principle of acid-base equilibrium 
and then proceeds to a consideration of the many highly complicated 
phenomena that are associated with the colloidal matter in soils. 
It is imp>ortant to keep in mind that the author is well trained in 
classical chemistry. 

The book is divided into three parts: the chemistry of the soil, 
mechanical analysis of soils, and soil moisture. This division 
highlights the physico-chemical aspects of soils around which some 
of the most important controversies have developed during the last 
half century. The author has made no attempt to review the vari- 
ous theories of the several controversialists, because of his belief 
that these merely serve to confuse the novice and tax the mentality 
of even the more advanced student. 

The history of soil science is a record of ever- changing fashions 
of contemporary thought The birth of a new Idea has always been 
attended by the publication of scores of p^ers, followed by a grad- 
ual falling off in numbers, as the enthusiasm wanes. Thus interest 
has been centered successively in the various *forms* of soil water, 
in mechanical analyses of soils, in adsorption, in base exchange, 
and, more recently, in the crystalline structures of the various 
minerals that constitute the soil. The author has explored all these 
concepts and the data on which they are based. He contends that 
the data indicate a uniformity of behavior in chemical reactivity, 
mechanical analysis, and moisture absorption of all soils. 

The author conceives of the soil, when freed of extraneous mat- 
ter, as an acid, the hydrogen of which constitutes an integral part 
of the hydrated ferroaluminosilicates. He thinks of this hydrogen 
as being held in no other way than by primary valences. Since the 
only criterion of an acid is that it must contain hydrogen which is 
replaceable by a metal, there is no need for making any distinction 
between a soluble and an Insoluble acid beyond a convenience of 
terminology. 

It is now comm on practice to refer to such acids as silicic, stearic, 
and uric, when suspended in water, as **acidoids** and to their in- 
soluble salts as ^saloids”. An acid soil Is termed an acidold be- 
cause It behaves like an acid in every way, except that It is insoluble 
in water. There is ^solutely no difference, the author says, in the 
chemical behavior of the acidic hydrogen of a soil and that of any 
other well known acid. For example: 

It will neutralize alkalies, and such neutralization can be followed 
potentiometrically in accordance with the law of mass action, lead- 
ing to a perfect titration curve that is characteristic of the soil 
acidoid 
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It can decompose carbonates with the evolution of carbon 
the decomposition proceeding in exact stoichiometric proportions. 

It can decompose sulphides with the evolution of hydrogen su p i t 
quantitatively and stoic hio metric ally. 

It can hydrolyze esters and bring about the inversion ot sucros 
In accordance with the catalytic activity of its hydrogen ions. 

When neutralized with alkalies, it gives stable saloids 
acteristic physical properties, which are similar for all soils. Thus 
the sodium saloids of all soils are completely dispersed in water 
but the calcium saloids are not . 

When neutralized with alkalies, it gives a heat of neutralization oi 
the same order as that arising from the combination of hydrogen ana 
hydroxyl ions. 

Saloids of soil acidoids can be split Into cations and anions by 
the application of an electric current in accordance with well-known 
laws of “electrolysis", each saloid having a definite “break poten- 
tial." ^ , 

The author concludes that natural soils are merely mixtures oi 
saloids of the soil acidoid. Each saloid represents a single point on 
a titration curve that determines the stage at which it will be neu- 
tralized. Being saloids of a weak acid and of comparatively strong 
bases, they are easily hydrolyzed when they come into contact with 
water. The extent of this hydrolysis depends on the degree of neu- 
tralization. They tend to come to a state of equilibrium that is 
governed by the amount of rainfall and leaching to which they are 
subjected. The higher the rainfall the less the degree of neutrali- 
zation. 

Starting with these concepts, the author endeavors to effect a 
unification of a wide variety of scattered data. The chemistry of 
soils is reduced to the chemistry of acids and bases and the soil- 
water system to a solution of soil acidoids and saloids. The soil 
solution Is subject to the laws of acid-base equilibrium. The author 
visualizes results of the highest practical importance from this 
approach to the problems of agriculture. 

Li dealing with the mechanical analysis of soils, some interesting 
generalizations are developed. Thus, normal sodium saloids of all 
soils can be dispersed in water to the point of having only primary 
particles. The formation of these saloids is complete at a pH value 
between 10.3 and 11.0. No matter what the soil or the preliminary 
treatment employed on it in preparation for mechanical analysis, 
one can proceed with certainty that he is dealii^ with primary par- 
ticles only, when the pH value of that soil has been raised to the 
level indicated. 

Beii^ certain that he is dealing with the primary particles, one 
can then proceed with calculations of specific surface. Since the 
soil acidoid constitutes the surface of ferroaluminosilicates, the 
total acidic hydrogen on the surface of a unit weight of soil can be 
calculated. These calculations show reasonably good agreement 
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with those actually determined by chemical means. This has led 
the author to define the colloidal state as follows: 

■When the mass of molecules constitutii^ the surface of a dis- 
persoid is appreciable as compared to its total inass» that substance 
is in Its colloidal state, and the mass of surface molecules may be 
designated as Its active mass.* 

This active mass, for all practical purposes, may be regarded as 
equivalent to a true molecular solution that is capable of taking part 
in all chemical reactions which are characteristic of its molecules. 

Jn dealing with soil moisture, the author developed the hypothesis 
that all of it is held by surface tension forces and that it strictly 
obeys the laws of capillarity. In other words, all soil moisture Is 
capillary moisture, whether it is sucked up from a free surface or 
absorbed from a humid atmosphere in the vapor phase. Any dif- 
ferences that maybe observed are due merely to differences in the 
sizes of the capillaries in which the water is held. These differ- 
ences are capable of mathematical interpretation in accordance with 
the well-known laws of capillarity, which relate the radius of cur« 
vature of the liquid meniscus and the negative pressure to which it 
Is subject. This negative pressure may take the form of lowering 
the vapor pressure or it may be interpreted as free energy. These 
theoretical deductions lead to the conclusion that all soil water fol- 
lows the well-known Kelvin equation. 

From the geometry of spheres, one can calculate the relation 
between the diameter of particles and that of the spaces between 
them. If the size distribution of particles In a given soil are known, 
one can determine the size distribution of the capillaries within it 
Knowing the relation between the size of capillaries and the vapor 
pressure of the water held in them, as well as the capillary pull, 
one can workout the complete relation between the moisture absorp- 
tion at different vapor pressures, the rise of water from a free 
water surface, and the moisture distribution under free drainage. 
Having theoretically deduced this, the author then experimentally 
verified it from the mechanical analysis of soils, irrespective of 
their origin or type. 

Knowing the size distribution of the particles in a soil, one can 
proceed to calculate its chemical reactivity. Thus the author finds 
it possible to reach the same conclusion from three independent 
routes: by the titration curve, the summation values arising from 
mechanical analysis, and the vapor pressure curve. 

This Is a brief outline of a comprehensive theory presented in 
this book. There may not be anything new in it. Other soil workers 
have held such concepts and still others appear to be veering in that 
direction. The important point is that the author attempts to pre- 
sent, in lucid form, a theory that takes into account all the physico- 
chemical aspects of the soil system. He has set down a working hy- 
pothesis on which future studies can be built. 

The author is a very stimulating personality, an interesting con- 
versaUqnalist, and a dynamic speaker. He has the caoprltv to re- 
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solve very complicated processes into very ^^2 } 

One great advantage of this method of procedure is that it is W 
less confusing to the beginning student. Thus the man who has been 
well trained in the fundamental sciences is able to grasp me essen- 
tials of this application of science much more readily than would 


otherwise be possible. ^ j 

But the book speaks for itself and the author. His data and the 
conclusions he has drawn from them are presented for 
One may agree or disagree with his interpretations and with the 
principles developed therefrom. Of this one can be sure: a great 
many of the younger students of soil phenomena will find this a high- 
ly stimulating and very thought- provoking presentation on a subject 
that is of great interest and importance not only to soil physicists 
and physical chemists, but to research specialists in many other 
fields as well. 


New Brunswick, N.X. FIRMAN E» BEAR 

July 18, 1949 Editor- in -Chief, Soil Science 

Chairman, Soils Department, Rutgers University 




PREFACE 


Study of the soil as a distinct branch of natural science is com- 
paratively recent. Less than a quarter of a century ago we were 
struggling with terminology in an attempt to describe the various 
phenomena associated with soils. The vast strides made by colloid 
chemistry at that time gave a fresh impetus to the study of sous, 
and “adsorption” became a handy term for explaining everything 
related to soils. The failure of structures erected on clay founda- 
tions and the need for cheaper and better dirt roads were two fac- 
tors that brought the engineer into natural alignment with the agri- 
culturist; and though each still spoke his own language, the common 


ties began to strengthen. ^ 

TherearestillscepUcs who merely laugh and shake their heads at 
the mere mentionof 'soil science", and who would prefer to describe 
it as the application of scientific methods to the study of soil. 
Science alms at generalization, and judged by that standard the 
science of the soil is still in its Infancy. The present book is an 
attempt to show that soil science has reached such a stage that, if 
we are prepared to shake off our prejudices, it is capable of yield- 
ing generalizations of far-reaching importance. 

In the treatment of the subject I have drawn mostly upon my own 
work, not because others have not made equally important contribu- 
tions, but to avoid controversial topics, the book having been written 
primarily for students of agriculture. Advanced scholars may find 
it elementary and may hold different views about certain statements 


made authoritatively. It must be understood that the material has 
been written for beginners, and is not intended to be a treatise. 
Facts have been stated and theories have been left in the backgrouno, 
for theories confuse the novice and tax even the initiated. 

Unlike other branches of science, hitherto the study of soils has 
been along rather haphazard lines. At best the accumulation of 
data has only contributed to the bewilderment of the student whose 
mental equipment in basic sciences is not prepared to overcome 
the apparent lack of coherence in the general principles of soil 
science which he is called upon to grasp. 

A student who is made to swallow half a dozen methods of finding 
the lime requirement or base -exchange capacity of soils is not likely 
to understand the meaning of soil acidity. It is no fault of his if in 
the course of time he becomes a blind follower of the whims of the 
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teachers and is wedded to a particular method for the rest of his 
life. 

I have felt that the training of the youthful mind should be on def- 
inite lines against the background of the known laws of the exact 
sciences with which he is familiar. Once he has grasped the funda- 
mentals, he will be on surer ground for making progress. He must 
become familiar with generalizations first, and not be confused with 
exceptions. This textbook has been written with that objective. 
Whatever its other merits, the science of the soil has not so far 
yielded results of far-reaching consequence. With all our methods 
we have still to depend on our "horse sense** or ‘^experience**, as 
we like to call it, for the interpretation of results; and one man*s 
"experience” may be quite at variance with that of another. That 
we still go on collecting data assiduously is a reflection of our te- 
nacity of purpose rather than proof of progress. We must all look 
forward to the day when the laboratory examination of a soil will 
not require the experience of a lifetime for its interpretation. That 
will happen only when we give students of soil science training in 
exact methods rather than in "experience**. 

A. N. Purl 

New York, N. Y. 

June, 1949 
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PART I 


CHEMISTRY OF THE SOIL 



CHAPTER I 

THE SOIL FRAMEWORK 

Silicon and aluminum are the most abundant of the elements con- 
stituting the earth. If we fuse silica and alumina with ^me base 
in a laboratory crucible, we obtain aluminum silicate. Geologis^ 
tell us that the earth was once a molten mass of all the elements in 
their multifarious combinations, which gradually cooled to form a 
hard crust of varying thickness. No wonder that crust consisted 
mainly of aluminum siiicatel The hard, solid rock of aluminum 
silicate produced in nature's crucible gradually disintegrated into 
smaller and smaller particles. The disintegrating forces were of 
varied origin; the Impact of the wind and waves, the expansion and 
contraction due to temperature changes; the solvent action of gases 
and vapors in the atmosphere - all contributed their mite in pulling 
the rock to pieces. This process of breaking down rock by natural 
forces is called weathering , and it has taken millions of years to 
reduce the parent rocks to powder consisting of particles of various 
sizes. This is our soil; chemically it is ferroaluminoslUcate of 
varying composition, with some other elements like sodium, potas- 
sium, calcium, magnesium, etc., thrown in. Physically it consists 
of particles of diameters ranging from 1 mm to 0.00001 mm, in 
varying proportions. 

Soils contain some salts that can be washed out by leaching with 
water; they may contain moisture which can be really evaporated 
away by exposure to heat They may also contain organic matter 
which can be burned away, dissolved in alkali, or oxidized by hydro- 
gen peroxide or permaj^anate. There may be present calcium car- 
bonate, which can be dissolved out by dilute acid. When all the ex- 
traneous substances have been completely removed, the residue is 
what we may call the soil framework. This framework gives 
mechanical support to the roots of trees and plants. Without this 
framework vegetation would not stand up, even if it could be sup- 
plied with all the nutrient materials. 

Let us suppose a soil freed from all extraneous matter by con- 
tinuous leaching with a dilute acid, every thii^ except the soil frame- 
work being removed in a short time. When soils from different 
localities are subjected to this treatment we find that the soil frame- 

1 
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work in every case behaves in a similar manner. No matter from 
what part of the world the soil has been obtained, the properties of 
its mineral framework differ only in quantity and not in kind. It is 
not soluble, but its suspension in water behaves like a weak acid in 
every way and in every case; U is almost equal In stren^ to acetic 
acid, though much stronger boric acid. 

What is an acid? Accordiifg.to the classical definition, any com* 
pound having one or more hydrogen atoms replaceable by a metal 
is an acid. The general formula of all acids is HA, In which A is 
any electronegative atom or group of atoms; thus hydrochloric, 
sulphuric, boric, stearic, uric, etc., are all acids. Some are more 
soluble in water ^an others. Some, like stearic acid, are complete- 
ly Insoluble in water. But whether soluble or not, the one common 
property possessed by all the acids is that they contain hydrogen 
atoms which can be replaced by a metal. Since all soils, irrespec- 
tive of their origin or source, possess this common property the 
chemistry of the soil reduces Itself to the study of its acidic prop- 
erties, like neutralization with various alkalies and formation of 
salts; decomposition of carbonates and sulphides; hydrolysis of 
ethyl acetate and inversion of sucrose; formation of salts with dif- 
ferent bases and the properties of the salts thus formed. 

For convenience of reference we may call the soil acid* acldoid ” 
and its salts ** saIolds *. It must be remembered, however, that this 
descriptive terminology is adopted purely for purposes of labeling; 
it does not imply any fundamental difference from ordinary acids 
whatsoever: an acldoid exhibits all the reactions characteristic of 
ordinary soluble acids. The distinction merely lies in the fact that 
an acldoid is insoluble in water in the ordinary sense of the word. 
Thus stearic acid Is an acidoid, though by definition it is as truly 
an acid as any other. Similar remarks apply to the distinction be- 
tween salts and salolds, which must be regarded as exactly alike 
except that one gives a solution in water and the other only a sus- 
pension. As will be explained later, the distinction between a solu- 
tion and a suspension is also purely arbitrary and disappears at a 
certain stage; but it is better at this point not to disturb the mental 
habit of calling a solution a solution and a suspension a suspension. 

Like all other weak acids, the salts of soil acidoid are easily 
hydrolyzed. In nature this happens every day in regions of high 
rainfall. The carbon dioxide in the water hastens the hydrolysis, 
and the bases are completely removed in the course of time. In 
regions of moderate rainfall they are only partially hydrolyzed, and 
we are left with a mixture of soil acidoid and soil saloid. In the trop- 
ics where there is no rainfall, we may find soils which are completely 
neutralized with bases. All over the world the state of neutraliza- 
tion, of the soil acldoid is a function of the rainfall; thus acid soils 
are characteristic of humid regions and alkaline soils are foui^ in 
dry tropical countries. \ 

All acids and acidoids give hydrogen ions when dissolved or sus- 
pended in water. The concentration of these hydrogen ions deter- 



the soil framework 

mines the strength of the acidoid and bears a constant raUo to the 
total un- ionized hydrogen in accordance with the law of mass ac 

in both cases. , 4„ 

In study ir^ the physicochemical properties of acids, our cniet in- 
terest lies in the behavior of the hv^’^^gen ions, i.e., the electro- 
positive part only. The nature of t electronegative part be 
completely disregarded. Similarly in toe case of soils we can leave 
out of account the chemical composition of the complex aluminum 
silicate. We can perform the elemental analysis, but that leads us 
nowhere. It might interest the geologist who may be looking for the 
genesis of the parent rock, but it is of no Interest to the plant ana 
it is of no interest to us, at least for the lime being. We shall there- 
fore study in the first instance the physicochemical properties of 
the soil acldoid and its various salolds. 
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pH Value and Titration Curves 

We have already seen thafall acids and acidoids contain hydro- 
gen as one of the constituents; ancMie proper ties which characterize 
them are due to the presence of hydrogen ions. When an acid or 
acldoid is dissolved or suspended in water, a certain proportion of 
it splits up into electropositive and electronegative ions, the former 
being always hydrogen. It is evident that in a given solution the total 
number of hydrogen atoms determines the quantity of acid or acldoid 
present, whereas the number of hydrogen ions determines its strength 
or intensity. In other words the greater the percentage of the acid 
or acldoid splitting up into ions, the greater its strength, and vice 
versa . Strong acids, therefore, are those which split up into ions 
to a larger extent and contain a higher concentration of hydrogen 
ions. 

The hydrogen ion concentration of a solution may vary from one 
gram per liter to as low as 0.00000000000001 gram per liter, and 
the methods of measurement are so surprisingly accurate that 
variations within this range can be measured. The total range of 
variations, however, is so large that the figures become unmanage- 
able. We therefore make use of the pH scale. The follow!]^ table 
shows the relation between pH and hydrogen ion concentration. 


Hydrogen ion concentration (gram per liter) 


1 

0.1 

0.01 

0.001 

0.0001 

0.00001 

0.000001 

0.0000001 

0.00000001 

0.000000001 

0.0000000001 

0.00000000001 


10 - 

10-1 

10-2 

10-3 

10-4 


10 

10 

10 

10 

10 

10 

10 


-5 

-6 

-7 

-8 

-9 

-10 

-11 


pH 

0 

1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 
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5 


0.000000000001 10 ' J 2 12 

0.0000000000001 10 *“ “ 

0.00000000000001 10 '“ 

The pH value, therefore, is the number of digits alter the decim^ 
Doint, or the negative index of 10 if expressed mathematically. 

^11 be seen that, though 1 is ten times 0.1, a hundred times O.u , 
and a thousand times 0.001, and the change involves 1000 " visions 
on any scale or yardstick, by having recourse to the pH scale, me 
change involved in going from a hydrogen ion concentration ^ ^ 
that of 0.001 gram per liter is reduced to three divisions of the 
scale, &Ad the total change in the pH range Is reduced to 14 divi- 
sions only. This is a great convenience in plotting. 

There is another curious fact about the hydrogen ion concentra- 
tion: there is always an equilibrium between hydrogen Ion concen- 
tration (H) and hydroxyl Ion concentration (OH) in water solution, 
so that the product (H) times (OH) is always constant. Thus if the 
concentration of one increases, that of the other must decre^e 
correspondingly to maintain a constant value of the product of the 
two. It Is the preponderance of one or the other that determines 
the acidity or alkalinity of a solution or suspension. Actually pure 
water is neither acid nor alkaline; in other words the concentration 
of hydrogen and hydroxyl ions in pure water is just about equal, each 
being 10-'^ gram per liter, or pH 7. Therefore, by common consent 
pH 7 is considered to be the neutral point, and any solution having 
this value Is neither acidic nor alkaline. Above pH 7 the alkalinity 
increases, and below it acidity increases; therefore a solution having 
a pH value of 5 Is more acid than one having pH 6, and so on. 

When a strong acid is added to a strong base in equivalent amount 
the resulting salt is neutral, i.e., it is neither acidic nor alkaline, 
and its pH value is close to 7. However, If a weak alkali is added 
to a strong acid in equivalent amount, the resulting pH value is not 
7, and may be considerably less. In other words the chemically 
equivalent point is not identical with the neutral point on the pH 
scale. Thus a strong acid like hydrochloric may be chemically 
neutralized at a pH value in the neighborhood of 4; on the other hand 
the equivalent point of a weak acid like boric might lie in the vicinity 
of pH 11. It is clear, therefpre, that for a given strong alkali, the 
weaker the acid, the higher the pH value of the resulting solution 
when an equivalent amount of the alkali is added to it. 

It is a problem to find the equivalent point of an acid or acidoid. 
If the pH value of the neutral point is known we can add an indicator, 
which changes color at that point, and by gradually adding the alkali 
in the presence of the indicator the equivalent point can be located. 
This is possible because at the equivalent point an abrupt change in 
pH value may occur, but this is not always the case. If the solution 
or suspension is colored, the equivalent point can be located by 
adding increasing amounts of alkali to a known amount of the acid 



6 


SOIL CHEMISTEY 


and measuring the pH value at every addition. Thus is built up what 
is known as the titration curve and the point of Inflection on the tltra* 
tion curve determines the equivalent point. The pH value at every 
step can be determined electrometically with the hydrogen or the 
glass electrode. 

In the case of weak acids, the point of inflection at the equivalent 
point Is not sharp, and it becomes difficult to decide what is the 
exact point of neutrality. The end point of titration of such acids 
can be found by making use of a method developed by Harris and 
discussed by Britton in his mom^raph on hydrogen ions. The main 
conclusion on which the method is based is that for weak acids 
neutralisation with a strong base takes place between two definite 
pH values; that is, for monobasic acids the pH interval between the 
beginnlf^ and the end of a titration is 4 . It is therefore necessary 
to titrate only between these limits to obtain the neutral point. 

Titration curves furnish very important sets of values for ex- 
pressing the characteristics of soil acidoids. The equilibrium be- 
tween soil acidold and alkali added to it is not established quickly; 
therefore the results obtainedby the incremental additions of alkali 
and pH determination after each addition cannot be relied upon. In- 
creasing amounts of alkali must be added to weighed portions of the 
soil and the pH determined when the equilibrium is established. 

Natural soils are already partly neutralised with bases; therefore 
they are not suitable as such for determining the titration curve of 
the acidold. The saloids must first be converted into acidold to ob- 
tain the complete titration curve. This is easily accomplished by 
leaching the soil with 0.0 5N HCl until the leachate Is free from 
calcium ions, and then leaching with water until the leachate is free 
from Cl Ions. A final washing with a little alcohol insures easy 
dryingof the sample, which is readily detached from the filter paper. 
Ten grams of the soil is sufficient for determining the entire titra- 
tion curve. One- gram portions of the dried soil acidold are taken 
with 10 cc of sodium hydroxide solutions of increasing concentra- 
tion. The mixture Is shaken for 48 hours continuously in a mechan- 
ical shaker or intermittently with the hand. After this the pH values 
are taken with the glass electrode. The actual determination of pK 
value with the glass electrode does not take long, and more than a 
dozen soils can be examined in a day. It is a good plan to make a 
rough determination of the approximate equivalent point by adding 
standard NaOH gradually to 1 gram of soil suspended in water, using 
phenolphthalein as Indicator. This indicator is quite suitable unless 
the soil is very dark in color. Even in that case a drop of the in- 
dicator on the surface of the suspension at once shows the color 
change If the neutral point has been reached. This is only a rough 
method to give an idea of the approximate amount of total alkali to 
be used in the final concentration, and how the Incremental quanti- 
ties should be spaced to obtain more values near the point of inflec- 
tion. 
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Typical Utration curves of a black cotton s^ 
in i^res 2 and 3 and speed of reaction between soil acidoid and 

NaOH in F^iures 1 and 4. 



Fig. 1. Speed <U Reaction between SoU P.C* 13 A.T. and Sodium H 7 droxide 
Fig. 2. Titration ol SoU P.C. 13 A.T. with Hydroxidea of Monovalent Ions 




Fro. 4 


Fig. 3. Titration of Soil P.C. 13 A.T. with Hydroxides of Divalent Ions 
Fig. 4. Speed of Reaction between Clay Acidoid and Sodium Hydroxide 
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It will be seen that the characteristic shape of the curve is main- 
tained with every base, although different proportions of alkali are 
required to produce a particular pH value with various ions. This 
is in agreement with the observations made on weak acids like boric. 
The actual trend of the titration curve depends on the nature of the 
alkali used, although the end point must be reached with the same 
amount of alkali in every case. From Figures 2 and 3 it is apparent 
that the neutralization point occurs at pH 7.5. It is also seen that 
although the inflection in the curve occurs at this point, the titration 
is by no means complete. This is a clear indication that in the case 
of soil we are dealing with dibasic acidoids. It must be emphasized 
that the inflection in the curves is even more marked than that in 
the titration curves of several dibasic acids, such as succinic and 
tartaric, and is at least as marked as that in the titration curve of 
malonic acid. 

Nothing in these curves shows that the acidoids behave any differ* 
entiy from other weak acids. The slowness with which equilibrium 
is reached is to be expected from the fact that the cohesive forces 
between the individual particles forming aggregates resist the entry 
of the alkaline solution, which can take place only after prolonged 
shaking. There is no doubt that equilibrium is established if we 
wait long enough. That the speed of reaction is dependent on the 
state of aggregation is shown by the fact that a dispersed clay sus- 
pension takes about 9 hours to come to equilibrium as against 48 
hours required by the undispersed soil. 

Titration curves of sever^ soils were determined after the usua 
acid treatment, followed by leaching with water. Some typical re 
suits are shown in Figures 5 and 6. Each of these curves showed 
an inflection at a point approximately 4 pH units higher than that of 
the original acidoid. The acidoid equivalent of these soils (T/2) may 
be determined by interpolation at + 4), when e is the pH value of 
the soil acidoid without the addition of any alkali. 

A closer study of the titration curves of soils will Indicate that 
what Is known as the ** base* exchange capacity” of soils has no 
theoretical significance even if it refers to an arbitrarily fixed 
uniform pH value. The neutralization point of different acids lies 
at different pH values; this is true also for soils. The acidoid 
equivalent must constitute one of the fundamental constants for 
characterizing soils. It could be determined by merely converting 
the soil saloids into the acidoid and then titrating potentiometrically 
with NaOH to a pH value 4 units higher than that of the acidoid. 
Since it is a dibasic acid, this alkali litre must be multiplied by 2 
to obtain the acidoid equivalent. Complete neutralization of the 
acidoid takes place at such a high pH value that for all practical 
purposes only neutralization of the first hydrogen need be consid- 
ered. 

‘Exchangeable bases”, ‘exchangeable hydrogen'’, ‘base -exchange 
capacity”, ‘degree of saturation” and ‘saturation capacity” unfortu* 
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0 *^ 1 « terms so extensively used in soil literature that any at- 
tempt to discard them completely may prove aborUve. We can, 
hnwLer impart to this terminology a more fundamental background 
hv ffivinff it a new orientation in the light of the titration curves of 
the soil acidoids. Accordingly the various terms may be interpreted 


Total exchangeable bases in a soil are equivalent to that portion 
of the acldoid already neutralized with bases; in other words the 
saloid equivalent. -Base -exchange capacity*’ Is equivalent to the 
total base required for the formation of the mono-acid saloid {T/2) 
value). “Degree of saturation* represents an acidoid saloid ratio 
corresponding to the point on its titration curve which is repre- 
sented by the pH value of the natural soil. “Saturation capacity* is 



Figs. S and S. TitradOD Curves <4 Various Soil Acidoids 


equivalent to the total base required for the formation of the normal 
saloid (T). “Exchangeable hydrogen* is the alkali equivalent re- 
quired to neutralize the soil to a pH value corresponding to that of 
its T/2 value. 

These interpretations are fundamental and bear no reference to 
any particular method of estimation. A clarification of the issue, it 
is hoped, will lead to a greater refinement of the technique in the 
determination of characteristic constants for soils. This will result 
in a better agreement between the various methods, for it must be 
admitted that if two or more methods for the measurement of a 
certain constant give consistently different results, the error is 
not in the methods, but in our conception of the constant we are 
measuring. Any progress in the methods of measurement, there- 


10 


SOIL CHEMISTRY 


fore, can result only from a clear knowledge of what we want to 
measure. The main difficulty in making soil measurements has 
been that we measure somethii^ first and then give it a name; the 
measurement changes but the name remains. We can even draw 
the titration curve of a soil acidoid backward. For this purpose, 
the forward curve may be obtained by neutralizing the acidoid with 
Ba(OH)2 and then back -titrating with H0SO4. Such a curve is given 
in Figure 7. ^ ^ 

It will be seen that the back- titration curve is lower than the for- 
ward curve, but that in other respects it is similar. The fall in pH 
value at every stage Is due to the slight solubility of BaS04, which 
lowers the pH value by suppressing the ionization of the saloid. 
This explanation is supported by the fact that the titration curve of 
a clay suspension with NaOH showed a similar shift when some 
BaSO^ (Pro Rontgen) was added to it. This curve is shown in Fig- 
ure d. 



Fig. 7 . TltraOen Curve of 80U P.C. 1 $ A.T. with Barium Hydroxide 

Fig. 8. TltraHou Curve <d Clay Acidoid with Sodium Hydroxide with and 

Without Barium Sulfate 


It is remarkable that even the slight solubility of BaS04 should 
cause such an appreciable shift in the pH value. The results might 
seem to throw some doubt on the colorimetric method of Kuhn for 
determining pH values in the presence of excess Ba304. In actual 
practice, however, probably no such shift in the pH occurs, because 
ordinary soils already contain sufficient quantities of salts to have 
caused the initial lowering of the pH value, and the added amount of 
BaS04 wouldnothave much effect. It is only in the absence of salts 
that even the slightest additions would produce change. 
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nifistiriation rnnstant s of Soil Acidoids 

The UtraUon curves of weak acidslwvlng dissociation constante 
of less ^an lO*^ with strong alkalies like NaOH are defined by the 
usual mass law equation: 

pH B pK log salt/acid 

Hence when the acid is half neutralized, i.e., the ‘‘^tio salt/a^ld is 
unity. pH * pK. Thus the pH value of a weak acid when Itis^f 
neu^alized with NaOH is equal to the logarithm of the reciprocal of 
its dissociation constant. Just as pH is used for comparing the In- 
tensity of acidity of different soluUons, pK values could be used for 
comparing the activity of the acids or acidoids, so that the higher 
the value of pK the weaker the acid. It might be noted that although 
the pH values of soils change with the state of neutralization of the 
acidoid, the pK values are fundamental constants that could be used 
for characterizing soils. Such values determined from their titra- 
tion curves for a number of soils are given in Table 1. The pK 


Table 1. Acldoid Equivalent ( /3) of Soils and Their pK Values. 



Clay 

(%) 

per 100 gR). soil ( /%) 
(m.e.) 

per 100 gm. cUy ( /2) 
(m.e.) 

pK 

1 

11.3 

12.00 

106.2 

6.81 

2 

59.3 

54.40 

91.7 

4.90 

3 

62.2 

61.00 

98.1 

5.00 

5 

19.3 

10.56 

54.7 

6.70 

6 

26.4 

11.80 

41.5> 

7.18 

7 

21.6 

7.30 

33.4 

7.82 

6 

25.2 

19.60 

77,8 

5.78 

9 

21.6 

7.70 

35.5 

7.30 

10 

35.6 

19.80 

$5.6 

5.63 

11 

32.8 

26.00 

79.3 

5.49 

12 


4.90 

67.8 

7.25 

13 


40.00 

67.9 

6.40 

14 


24.00 

116.3 

6.76 

15 


5.70 

25.4 1 

7.56 

25 


3.76 

94.0 I 

9.76 


Acetic Acid 4.7 
Uric Acid 5.6 
fb^pochlorous Acid 7.4 
Boric Acid 6.2 
^enol 10.0 


values of some common acids are also given for comparison. It 
will be seen that some soil acidoids are as strong as acetic acid, 
the majority are only slightly weaker than uric acid, and only very 
few are as weak as boric acid. 

H the dibasicity of soil acidoids is assumed, then these values 
should be denoted as pKj, referring to the dissociation constant of 
the first hydrogen atom. The dissociation of the second hydrogen 
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atom is so feeble that the normal saloids would be strongly hydro- 
lyzed. The values^ therefore, can be of only theoretical in- 

terest, but they can be determined by adding another half equivalent 
of NaOH to the acidoid already neutralized to the stage equivalent 
^ to T/2 (i.e., the first hydr<^en atom) and measuring the pH value. 
However, for the time being we can consider that the pK values of 
soils refer to the dissociation of the first hydrogen atom. It is to 
be remembered that in soils we may have mixtures of acldoids of 
slightly differing pK values; but in the absence of specific informa- 
tion on this point it is convenient to consider that we are dealing 
with one acidoid having a definite pK value determined by the titra- 
tion curve. 



Fig. 9. Titration Curves ot Soils with the Qulnhydrone and the Glass Electrode 

Titration curves have not been introduced extensively in the rou- 
tine analysis of soils so far. These measurements should receive 
greater attention from soil scientists as a basis of soil classifica- 
tion. The titration curve of a soil acidoid is not only reproducible 
but easily determined by the following technique. Twenty to 30 
grams of soil are treated with enough acid to break up all the car- 
bonates. The treated soil is transferred to a Buchner funnel and 
leached with 0.0 5N HCl in 100-cc lots until the filtrate is free 
from calcium ions. It is then leached with water until free from 
Cl ions, and finally with a few cc of alcohol to facilitate dryii^ and 
to prevent caking. The leaching is preferably done without suction, 
and the filter paper is attached to the funnel by running a little 
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molten wax around the edges. The soil on drying is easily detached 
from the filter paper, and 2-gram portions of the treated soil are 
shaken for 48 hours with 10 cc of NaOH solution containing increas- 
ing amounts of alkali. The pH values are determined with the quin- 
hydrone or glass electrode. From the titration curve thus obtained, 
the T/2 value (acldoid equivalent) Is interpolated at a point 4 pH 
units higher than the initial pH. It is rather surprising that the 
quinhydrone electrode can be used for pH values up to 9, and as will 

be seen from Figure 9. ^ u 

The titration curves are almost identical with those obtained by 
the glass electrode. Although the newer types of glass electrodes 
are extremely simple to use, some laboratories may prefer the use 
of the quinhydrone electrode, which is entirely satisfactory up to the 
pH range required for the titration curves of soils. 

In the titration of a weak acid or acldoid with a strong base some 
hydrolysis takes place. This causes the titration curve in the 
viclnityof the endpoint to fall slightly above the “salt line* and thus 
tends to render the position of the end point somewhat uncertain. 
The extent of this hydrolytic action depends on the temperature, 
concentration and dissociation constant of the weak acid. 



CHAPTER m 

INTERACTION BETWEEN AMMONIA AND 
SOIL AClDOmS 


Titration with Ammonia 

In titrating a weak acid with a weak base, though the salt formed 
may be appreciably hydrolyzed, the products of hydrolysis are too 
weak to furnish the solution with ion concentrations comparable In 
magnitude with those set free by the unhydrolyzed salt. The tltra* 
tion curves in such cases coincide with the salt lines and do not 
diverge from them until the end point is nearly reached. These 
facts Indicate that if the titration of soil acidoids were carried out 
with a weak base, like ammonia or magnesia, a much more distinct 
•'break* might be furnished at the end point, than when strong alka- 
lies are used. Titrations with these bases can be performed both 
conductometric ally and el ectrometrically. A typical curve is shown 
in Figure 10. 

A word about the conductometric titrations. The Kohl raush bridge 
is well known. The simple electrometric arrangement by which a 
direct current of high voltage is used has been described by the 
author (1937).* In the curve shown in Figure 10 the latter method 
was used, and the conductivity values are in terms of arbitrary 
salinometer readings. Conductometric titrations with Mg(OH )2 are 
not possible, as the conductivity of the suspension is too low for ac- 
curate measurements. 

The effect of soil-water ratio on the equivalent point was tested 
in two different soils, by both electrometric and conductometric 
measurements. The results show that the soil- water ratio has 
practically no effect on the base equivalent of soil acidoids. 

It will be seen that the position of the end point can be found by 
producing the straight portions of the two branches until they in- 
tersect. The graphical method is likely to furnish more exact 
values than the interpolation to 4 pH units employed when titrations 
are carried out with NaOH. 

The equivalent point determined by NaOH titrations is referred 
to as the T/2 value on the assumption of the dibasicity of soil 
acidoids. The second hydrogen atom, however, would easily hydro- 
lyze and would not exist in natural soils subject to leaching. A 
weak base like ammonia would hardly combine with an extremely 

♦Soil Sci., 44:241 (1937). 
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weak acid, represented by the second hydrogen in soil acidoids, 
and would directly furnish values comparable with the T/i values 
determined by titration with a strong alkali. 

Since, as we have seen, the base equivalent of soil acidoid marks 
the limit of hydrolysis, any alkali added over and ^ove that value 
would be easily leached out with water. This fact indicates the 
possibility of trying other methods, which though different from 
those outlined above, are likely to give the same result. Of these 
the most fruitful would appear to be those in which an excess of 
alkali is added to the acidoid, the excess being removed subse- 
quently, leaving behind only that amount which has combined up to 
the limit of hydrolysis. In the list of bases that might be tried for 
the purpose ammonia occupies a unique position; as it is volatile, 
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Fig. 10. 

both removal of the excess by heating or aeration and estimation 
by displacement with a stronger alkali are easy matters. As pointed 
out before, ammonia is a weak alkali; with weak acids it must show 
considerable hydrolysis. We can, however, determine the extent of 
the reaction up to the limit of hydrolysis by adding excess ammonia 
and removing the hydrolyzed and unreacted part by aeration or boil- 
ing. Results with a number of common acids, soluble as well as 
insoluble, may be cited by way of illustration. 

A known weight of the dry acid is placed in a desiccator over 
ammonia solution for 48 hours. After this it is placed over H 2 SO 4 
in a desiccator; the excess ammonia is taken up by the H 2 SO 4 and 
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the amount left with acid under test is supposed to have reacted up 
to the limit of hydrolysis. The ammonium salt of the acid is then 
distilled with lime and the ammonia driven out is taken up in stand- 
ard acid which Is then back -titrated. Results with typical acids 
are given in Table 2 in terms of the percentage of the equivalent 
amount of acid reacted with ammonia. 

It will be seen from Table 2 that strong acids are completely 
neutralized below pH 7. For weaker acids the amount of ammonia 
used is about 50% of the theoretical amount required for neutral- 
ization (except boric acid» for which the value is 33%). In such 
cases the pH value of the ammonium salt formed Is about 8, or a 
little over. It is significant that in no case is the amount of ammonia 
taken up more than the equivalent amount required for neutraliza- 
tion. 


Table 2. Interaction between ammonia and various acids 


Acid 

% add 

reacted with ammonia 

pH of 

ammonium salt 

Boric acid 

33.5 

8.64 

Uric acid 

45.0 

7.80 

PhenyUcetic acid 

99.2 

5.66 

Stearic acid 

49.5 

6.66 

salicylic acid 

50.0 

8.24 

Sulphanilic acid 

99.6 

9.24 

Picollnic acid 

99.8 

8.04 

Thlosalicyltc acid 

49.2 

5.60 

u-Plcolinic add 

96.7 

7.32 

Picramic acid 

93.6 

5.98 

Sebaclnlcum acid 

80.0 

5.82 

Citric acid 

98.8 

6.34 

Thiobenaolc acid 

97.7 

7.56 

Phthallc add 

99.6 

8.04 

Oxalic acid 

100 

6.00 


In order to establish the relation between ammonia reaction and 
the pH value of an ordinary buffer solution, the universal buffer 
mixture of Predeaux and Ward (B.D.K ), brought to different pH 
values with NaOH, was used. The procedure in every case was to 
add excess ammonia to the buffer, boil to half tne volume, and 
then, after adding excess lime, to determine by distillation the am- 
monia retained. Preliminary experiments had shown that when a 
solution of ammonia is boiled until the volume is reduced to half, 
all the free ammonia is driven off. 

The results with the universal buffer mixture are given in Figure 
16 along with the ordinary titration curve of the buffer mixture with 
ammonia. It will be seen that the ammonia which reacts with the 
buffer solution is a function of the pH value, and in fact denotes the 
residual portion of the titration curve when a part of the solution 
has been neutralized with NaOH. It is seen that no ammonia is 
taken up by the buffer solution above pH 9. 
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To return to the soil acidoid, four typical soils were selected for 
parallel experiments: a black cotton soil (P.C. 13), an alkaline 
alluvium (P.C. 61), a later ite (P.C. 6), and a clay alluvial sub-soil 
(P.C. 123). These soils were treated with 0.0 5N HCl, as usual, to 
convert them into the acidoids. The titration curves of the acidoids 
with NaOH and ammonia are given in Figures 11-16. 



Fig. 11. Titration Curves and Ammonia taken up by Soil P.C. 13 



Fig. 12. Titration Curves and Ammonia taken up by Soil P.C. 61 


The soil acidoids were also gradually neutralized with different 
bases, the suspensions shaken for 48 hours, and pH values deter- 
mined. Then 10 cc of normal ammonia solution was added to each 



16 


SOIL CHEMISTRY 


suspension, and after 46 hours the suspension was boiled to half the 
volume. Ammonia was then determined in the usual way by distil- 
lation with lime. In the case of soil P.C. 13, increasing amounts of 



Fig. 13. Titration Curves and Ammonia taken up by Soil P.C. 6 
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Fig. 14. Titration Curves and Ammonia taken up by Soil P.C. 123 


the hydroxides of Na,Ca, Mg, Sr, and LI were used to obtain differ- 
ent pH values; with the other three soils only hydroxides of Na and 
Ca were used. These results are plotted in Figure 16, along with 
others and show the characteristic shape of the residual titration 
curves. Straightforward curves in every case are also given for 
comparison. 
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The experiment was repeated for Na and Ca ions by allowing the 
acldoid to take up ammonia by adding and boilli^ the excess, and 
then addir^ increasing amounts of NaOH and Ca(OH) 2 ^» followed by 
boiling. These results are plotted In Figure 16. (Nall and Call) 
show that the final equilibrium is the same whether ammonia is 
added after the addition of NaOH and Ca(OH )2 or before. It is also 
evident that a certain amount of Ca(OH)2 or NaOH added to ammonia 
soil saloid doe 8 not drive out an equivalent amount of ammonia. Ob- 
viously the relation between the ammonia taken up and the amount 
of saloid in the soil is valid only when the pH value and not the per- 
centage of alkali added is taken into consideration. 

From an examination of several soils, it has been concluded that 
soil acidoid, when shaken with excess ammonia and boiled to half 



Fig. 15. TitraboD Curve of B.D.H. Buffer with Ammonia 

Pig. le. Ammonia Taken up by Na-, Sr-, Ca-, and Mg-SoUs (P.C. 13) 


the volume, retains an amount equivalent to T/2, as determined by 
Utration curves with NaOH. The final pH value of the ammonia 
saloid varies between 6 and 8. This variation would be expected if 
we suppose that the strength (dissociation constant) of the acidoid 
in different soils is different. 

Experiments with ammonia conducted at the boiling temperature 
are simpler, as at ordinary temperatures the rale of removal of 
excess ammonia is extremely slow. However, there are certain 
advantages in carrying out the experiments at room temperature, 
as the conditions are more natural and the danger of side reac- 
tions is minimised. The following method may be used to bring 
about the reaction with ammonia in the cold. A weighed amount of 
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the acidoid is kept in a flat dish over normal ammonia in a desic- 
cator for two days. It is then transferred to another desiccator and 
kept over 90% H2SO4 under vacuum for 48 hours. The ammonia re- 
tained by the soil is then determined by distillation with lime in the 
usual way. The results of ammonia reaction with some typical soils 
after conversion into acidoid are recorded In Table 3, which also 
gives the clay contents and pH value of the original soil, as well as 
Its ammonium saloid. 

Table 3. Interaction between Ammonia and H Solis 


Soil P.C. 

Clay (.002mm) 
<%) 

Ammonium Saloid 

pH 

Value 

m.e. per 100 gms 

Natural 

Ammonium 


Soil 

Saloid 

1 

ii.a 

S.S 

8.4$ 

8.21 

$ 

62.2 

63.1 

7.64 

8.01 

4 

15.2 

$.2 

$.55 

8.40 

5 

12.2 

7.3 

8.7? 

6.44 

6 

26.4 

11.0 

5.29 

8.14 

7 

21.8 

7.1 

9.58 

$.88 

8 

25.2 

18.7 

6.41 

8.36 

9 

21.6 

6.1 

5.76 

7.74 

10 

35.6 

25.1 

8.71 

8.28 

11 

32.8 

23.7 

8.77 

8.55 

la 

7.2 

4.6 

5.83 

7.83 

15 

22.4 

14.3 

7.71 

7.97 

16 

8.7 

4.9 

8.74 

8.44 

17 

14.1 

6.2 

8.20 

6.32 

18 

22.6 

11.7 

5.79 

8.19 


It Is clear that, except in the case of naturally acidoid soils or at 
the other extreme natural Na saloids, the pH value of the original 
soil is approximately the same as that of the ammonium saloid. The 
reason is not hard to find < In almost all cases where the agreement 
is apparent, the soil contains excess CaC03 and is in fact a Ca 
saloid, in the sense that any excess of Ca added to it in the form of 
hydroxide will either be converted into carbonates or washed down 
if the soil is subjected to leaching. In other words, it represents a 
limit beyond which any base present will be easily hydrolyzed and 
removed by leaching. The mechanism of ammonia reaction is sim- 
ilar; the soil is allowed to take up an excess, and the easily hydro- 
lyzable portion is removed under vacuum over H2SO4. Thus the 
soil comes to equilibrium at a pH value not far from that under 
natural conditions in the presence of excess CaC03. However, in 
the case of soils having no CaC03 or containing Na saloids, the pH 
value in the natural state may be too low or too high compared to 
that obtained with the ammonium saloid. 

It must be pointed out, however, that the difference between hy- 
drolyzable and non-hydrolyz^le bases is only one of degree, and 
there is no reason to suppose that almost all the bases will not be 
removed provided the leaching action is sufficiently prolonged. 
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Another point worthy of note in this connecUon is that the removal 
of bases by simple leaching depends entirely on the mutual reaction 
of the two bodies, i.e., only if the pH value of water is lower than 
that of the suspension of soil in water, will bases be removed by 

leaching with that water. . . 

In nature the latter condition is generally insured by the presence 
of COf> in water. Soils subjected to the leaching action of rain water, 
therelore, develop acidity. Under conditions of artificial irrigation 
the quality of irrigation water must determine the reaction of the 


soil. . . . 

It is interesting to note that the pH value of the ammonium saloia 
for most soils is in the neighborhood of 8.5, but is appreciably lower 
in the case of all humus and laterite soils. It would thus appear not 
only that acidity in such soils is produced by their peculiar geo- 
graphical condition of being situated in humid regions, but that the 
nature of the acidoids in them is such that if converted into saloids, 
they would tend to hydrolyse at a lower pH value than others. It is 
also seen that the pH values of the ammonium saloids, on the whole, 
are higher when the reaction takes place in the cold than when the 
excess is removed by boiling. 


Base Exchange 

The term * base- exchange capacity" is rather loosely applied in 
soil literature. Very often it is confused with saturation capacity" 
and not infrequently is identified with ” total exchangeable bases”. 
As pointed out before, "base- exchange capacity” must refer to the 
power of the soil to combine with bases in such a manner that they 
cannot be easily removed by simple leaching with water, but can be 
readily exchanged by an equivalent amount of other bases. In other 
words, it represents a limit beyond which the salold would be easily 
hydrolyzed. It can, therefore, be determined by adding excess of 
base to the soil, followed by exhaustive leaching with a neutral salt, 
until the exchangeable ions have been replaced by the basic portion 
of the neutral salt. The excess of the salt is then washed out with 
water or alcohol, the soil leached with another neutral salt, and the 
displaced Ions determined in the filtrate. The success of the method 
and the choice of the neutral salt must depend upon the ease with 
which a particular ion can be determined analytically. 

So far the only salt used for this purpose has been ammonium 
chloride or acetate. This is because combined ammonia is com- 
paratively simple to estimate. However, the process of washing 
the excess ammonium salt before the final estimation is not only 
tedious but is liable to error because of the difficulty of carrying it 
to completion. The same objective can be gained in a much simpler 
way. If excess KOH is added to the soil followed by leaching with 
KCl solution, K saloid of the soil is formed. If this K saloid, with- 
out the removal of the excess KCl, is leached with ammonium car- 
bonate, we get the ammonium saloid of the soil, and the displaced 
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K2CO3* appears in the filtrate along with excess ammonium car- 
bonate. The latter is easily removed by boiling and the K2CO3 
titrated with standard acid, which is equivalent to the T/2 value of 
the soil. We may call it ^basO'^ exchange capacity” to satisfy a 
mental whim and the habit of usage, but it has no further s^nifi- 
cance than the base equivalent of the soil acidold. Since there are 
several methods of findii^ base* exchange capacity which do not 
give the same result, in referring to this constant (if it is a constant) 
we must specify the method used. There is no doubt that some of 
these methods do give values agreeing with the base equivalent of 
the soil acidoid, but it is due to accident rather than design. Those 
methods might be retained, but the terminology must be discarded. 

We have seen that the formation of ammonium saloid marks the 
neutralization of the soil acidold up to T/2. It has also been pointed 
out that the pH value of the soil in contact with excess CaCO^ or the 
Ca saloid of the soil is of the same order as that of the ammonium 
saloid of the same soil. Since most agricultural soils are mainly 
Ca saloids, we could deter mine the pH value of the natural soil with 
a certain degree of accuracy by converting it partially into the am- 
monium saloid by allowing the natural soil to take up excess am- 
monia, the excess being subsequently removed by placing it over 
H2SO4. We could also change the soli entirely into the ammonium 
saloid by first converting it into the acidold. 

If S and T are the amounts of am men la taken up by the natural and 
the acid-treated soli respectively, then obviously (T -S) will be the 
amount of base already present in the natural soil, which is that 
particular point on Its titration curve represented by the pH value 
of the natural soil. U T represents the equivalent of the total am- 
monium saloid, then we can state the formation of the ammonium 
saloid in the natural soil as a percentage of the total, (^. Thus 

V = ^ The possible correlation of (V) with pH value of the 

natural soli was studied with &7 soils of various types. For com- 
parison the following methods of finding the pH value of the soils 
were used: 


(1) Hydrogen electrode; 1:5 soil-water ratio; 2 hours' shaking (H). 

(2) Qulnhydrone electrode; 1:1 soil -water ratio; 2 hours’ shaking 
and standing overnight (Q). 

(3) Antimony electrode; 1:2 soil -water ratio; 2hours' shaking and 
standing overnight (Sb). 

(4) Colorimetric method; 1:5 soil -water ratio; occasional stirring 
and standing overnight. Clear solution obtained by filtering after 
forming a bed of the $oil(C). 


The entire data with the soils have been given by the author else- 
where.* Here it will suffice to give only the correlations and gen- 
eral conclusions that resulted from this study. 


*PUR1, A. N., 'Interaction between amaonU and soil as a new method of deter- 
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The relation between (V) and various sets of pH values is brought 
out best by working the correlation coefficients between them. 
These are given below: 

(V) and (H) » 0.897 
(V) and (Sb) » 0.891 
(V) and (Q) » 0.889 
(V)and(C) =0.938 

It will be seen that the correlations are highly significant. The 
difference is not very great, but with the colorimetric method 
slightly better correlation is obtained than with the other methods. 
From the correlations the following empirical formulas were de- 
termined for calculating the pH value from the known value of (V). 

(1) pH = 0.0274 (V) + 5.4 for (V) values below 45% 

(2) pH s 0.0319 (V) 4^ 5.69 for (V) values between 45 and 81% 

(3) pH = 0.0319 (V) 4 7.11 for (V) values above 81% 

A comparison of the calculated values with those determined by the 
H electrode or colorimetrically showed that the magnitude of the 
differences, except in the case of half a doaen soils, is not greater 
than what might be expected from the nature of such measurements, 
and is of the same order as differences between measurements of 
pH value by any two methods. The calculated pH values are, there- 
fore, probably just as reliable as those obtained by any direct 
method. It might be mentioned that among the soils which show the 
greatest discrepancy are those which contain large proportions of 
humus. Soils with low T values are also likely to have considerable 
error in the determination of (V). In working out the correlations, 
soils having (V) values above 81% were left out, as these obviously 
fall in a separate group. Nor can it be expected that a linear rela- 
tionship will hold good for the entire range, for that would mean that 
the titration curve of a soil is a straight line, which it is not. 

Some very interesting facts emerge from a closer study of the (V) 
values for various soils. It was found that all soils havir^ (V) values 
less than 33. 3% respond to lime, the calculated pH value for which 
is 7. The neutral point, or pH 7, therefore, may have a more funda- 
mental significance than has been hitherto supposed. Most of the 
good agricultural soils have (V) values between 50 and 70%. Soils 
having (V) value above 70% invariably contain sodium saloid, and 
those above 80% are all barren alkali soils. Soils that were in ap- 
proximate equilibrium with CaC 03 under field conditions gave 
values of about 62 to 68%. All soils having (V) values less than 
40% are from humid regions where the rainfall is plentiful, and 
those above 70% (V) values are from arid regions. 



CHAPTER IV 

INTERACTION BETWEEN CARBONATES 
AND SOIL ACIDOIDS 

If 33.3% saloid formation is taken as the basis of lime require^ 
ment, the ammonia method will give values comparable with the pH 
method of Hardy and Lewis* for the lime requirement of soils 
which consists in bringing the soil to pH 7. E on the other hand, the 
values of lime requirement are to be compared with the methods of 
Hutchinson or Happen, which are equivalent to bringing the soil to 
pH 6.9, the lime requirement should be calculated to 29% of the (V) 
value. Hissink’s method of determining (V) values gives the lime 
requirement as 28% of the degree of saturation, which Is not very 
different. It must be emphasized that the various methods of finding 
the lime requirement of a soil merely represent different points on 
its titration curve, and unless the pH value of the suspension at the 
end of the reaction is defined, there can be no comparison between 
them. This has been the trouble ever since so many methods of 
finding the lime requirements of soil came into existence, many of 
which are still being practiced. Every such method is empirical 
and meaningless unless the pH value to which the soil acidoid is 
supposed to be neutralized is defined, or unless it bears a definite 
relation to the base equivalent of the acidoid. 

If the limit of hydrolysis is taken as the equivalent point of the 
first hydrogen of the dibasic soil acidoid, we have yet another 
method for finding this point: namely, the interaction between soil 
acidoid and sparingly soluble CaCOo. As we have pointed out, the 
main thing is to avoid excess alkali, which will carry the neutraliza- 
tion beyond the T/2 value. In the case of ammonia this has been ac- 
complished by removing the excess in a simple and effective man- 
ner. The low solubility of CaCOs, on the other hand, would serve 
the same purpose of automatically keeping the concentration of 
alkali low. In this case we can adopt either of the two procedures, 
i.e., either measure the CO2 evolved as a result of the decomposi- 
tion of CaC03 by soil acidoid, or determine the amount of Ca saloid 
formed as a result of neutralization of the acidoid. 

The decomposition of CaCO^ by soils was studied by Tacke as 
early as 1897. The reaction was allowed to proceed for three hours 
Agr. Sc/.. 19:17 (1929). 
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and the CO2 was expelled by a current of hydrogen and determined 
by absorption in standard Ba(OH)2 solution. It was, however, recog- 
nized by the author that more CO2 was given off when the mixture 
was heated, but he supposed the amount evolved in the cold to be the 
true measure of free humic acid in the soil. 

Knight* modified Tacke's method for determining lime require- 
ment of soils. He boiled the mixture of soil and precipitated CaCOj 
in the presence of a neutral salt (it made little difference whal 
neutral salt was used as long as its percentage was not so high as 
to change the boiling point of the solution materially). Crowther^ 
measured the interaction between CaC03 and acid soils in bottles 
completely filled with suspension, by measuring the total CO2 lib- 
erated as free acid and as bicarbonate. The values thus obtained 
were found to be close to the amount of alkali required to bring the 
soil to pH 7 . 

On account of the limited solubility of CaCO^, its reaction with 
soil acidold has an attractive simplicity, for uni/orm conditions can 
be easily maintained for all soils, and no delicate adjustment is re- 
quired for attaining the approximate equilibrium point. Besides, 
the mechanism of this reaction throws a good deal of light on the 
nature of soil colloids and on the properties of colloidal electrolytes 
in general. To understand the mechanism of the reaction, a few 
preliminary observations were made with buffer solutions of differ- 
ent pH values. Twenty- five cc of different buffers were mixed with 
1 gram of CaC03 and the amount of CO2 liberated was determined 
by passing it through a saturated baryta solution. A continuous 
stream of C02*free air was passed through the reaction vessel 
to Insure complete removal of the liberated C 02 - It was observed 
that the decomposition of CaC03 can take place at all pH values on 
the acid side and that there is no correlation between the extent of 
decomposition and the pH of the buffer, the entire quantity of the 
acid being used up in every case. Thus it is the quantity of acid 
and not its strength that is important in determining the extent of 
the reaction. 

The results with uric and stearic acid are interesting. With uric 
acid the reaction can be brought to completion even in the cold, al- 
though as expected it Is extremely slow, requiring no less than a 
week for completion. In the case of stearic acid the amount de- 
composed In the cold is only 8 % of the required value, which shows 
that stearic acid in the ordinary solid state has only 8 % of active 
mass (this point will be referred to again). On heating we find that 
nearly 70 % of the reaction is completed. This increase is obviously 
due to the increase in the total surface of the acid, since it becomes 
liquid at the boiling temperature. It is a remarkable fact that in- 
soluble acidoids like soils, uric acid and stearic acid react with 
insoluble basoids like CaC03 to give insoluble sale ids, and yet in 
each case the reaction tends to proceed to completion. 

•J. tr>d, £r>g. . 12:580 (1920). 

'Agr. Progress. Vol. D, (1925). 
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For experiments with soil acidoids, 10-gram portions of the 
various soils were mixed with 1 gram of CaC 03 and 500 cc of water. 
The amount of CO 2 liberated was determined in the manner de- 
scribed above. When the reaction became extremely slow, the mix- 
ture was heated to boiling and the reaction continued in this way till 
it almost reached the end point. The results obtained before and 
after heating a few typical soil acidoids are given In Table 4. 

Table 4. Interaction between H Soils and CaC 03 




MlllJeouival^ntA rk#r tO 

0 rramn 

Sou Acldold 

|_ Amount of CO 9 liberated 

/2 value 

P.C. No. 

pH 

without 

healing 

with 

heating 

(ammonia) 

$ 

3.62 

12.4 

11.2 

11.0 

13 

3.6S 

43.6 

48.1 

48.0 

73 

5.05 

12.9 

26.4 

17,2 

86 

4.38 

23.3 

16.5 

20.8 

110 

5.00 

14.4 

14.1 

10.6 

121 

4.48 

19.5 

11.9 

14.3 

122 

4.50 

12.4 

11.7 

8.8 

152 

3.98 

20.7 

15.1 

13.9 

209 

3.70 

18.2 

15.1 

18.0 

2 U 

4.35 

11.9 

13.2 

13.0 


It will be seen that the amount of CO 2 liberated by a soil without 
heating is nearly equal to its base equivalent as determined by 
neutralization with ammonia. The total amount of the gas liberated 
is nearly twice this value. No particular significance can be at- 
tached to this fact for the present. It is obvious that in the case 
of soil acldold the reaction with CaCOs cannot be complete unless 
the CO 2 which would set up the back- reaction is removed from the 
sphere of reaction. Evidently this is not accomplished by merely 
passing a current of air; it is only on boiling that the CO 2 Is com- 
pletely removed. 

If the soil acidoid is partly neutralized with NaOH, there is a 
regular decrease in the amount of carbonate decomposed and the 
decrease is almost equivalent to the amount of alkali added to the 
soli acidoid. In other words, the amount of carbonate decomposed 
Is equivalent to the quantity of residual acidity contained in the par- 
tially neutralized acidoids. 

Lime Status and Lime Requirement 

The decomposition of CaC 03 and measurement of the CO 2 evolved 
Is a rather tedious business. We have at our disposal a much 
simpler method of achieving the same objective: namely, estima- 
tion of the Ca saloid produced by the Interaction between CaC 03 
and soil acidoid. This method Is based on the principle that Ca 
saloid, like any soluble Ca salt, is precipitated quantitatively by an 
oxalate. Thus when Ca saloid is shaken with a mixture of K oxalate 
and K carbonate so designed that the CaC 03 rendered completely 
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insoluble, the decrease in the concentration of the oxalate ion is 
equivalent to the Ca saloid present in the soil. A known weight of 
the soil acidold is left, with excess CaC 03 suspended in 50 cc of 
water. The suspension is occasionally shaken by hand for 2 or 3 
hours, or may be left overnight. During this shaking the stopper 
is kept loose to allow the CO 2 to escape. The bottle can also be 
connected to an ordinary water pump and the reaction allowed to 
take place under reduced pressure when equilibrium can be attained 
In about half an hour. When the reaction is complete the suspension 
is cooled to lO^C and 50 cc of the following solution is added: 0.2N 
with respect to K oxalate, normal with respect to K acetate, 0.03N 
with respect to K carbonate. 

The suspension is shaken by hand for almost half an hour while 
the temperature is kept round about lO^C. It is then filtered through 
a dry fluted filter, and 50 cc of the filtrate is titrated with standard 
permanganate. The total decrease in the concentration of the oxalate 
ion is equivalent to the Ca saloid present in the soil. In a similar 
manner we can determine the Ca saloid present in a natural soil 
without adding any CaC 03 . We can find the deficiency of calcium in 
the soil or its lime status (L.S.) as follows: 

L.S. = 

Ca2 

where Ca^ is the Ca saloid In the original soil, and Ca 2 Is calcium 
saloid after shaking with excess of CaCOs. The lime requirement 
of a soil may be taken as equivalent to (Ca 2 “Cai), i.e., the amount 
of Ca taken up from CaC 03 . We can express this value in tons per 
acre as follows: One acre (6 inches) weighs 2,000,000 pounds, 
which is equal to 1000 short tons. One milliequivalent of CaO is 
equal to 0.028 gram. Therefore an increase of 1 m.e. of C a saloid 
per 100 grams of soil on shaking with CaC 03 is equal to 0.28 ton of 
CaO per acre (6 inches). The lime requirement of a soil in tons 
per acre is therefore equal to (Ca 2 -Cai) X0.28. Of course this 
value has to be multiplied by a suitable factor according to the per- 
centage of CaO in the given sample of lime. For instance, if liming 
is done with CaC 03 , lime requirement is equal to (Ca 2 -Cai) X 0. 5. 
It is interesting to note that the reaction between CaC 03 and soil is 
very rapid; hence liming with CaCOs should be as effective as with 
Ca(OH) 2 . 

In Table 5 the lime status and lime requirements of some typical 
Indian soils are given. It is worthy of note that the results are not 
appreciably affected by changing the experimental conditions. No 
claim is made as totheapplicationof these values to field conditions 
except in the case of soil 6, which was taken from a field the lime 
requirement of which was actually determined by the author by 
growing a crop on it and was found to be 1.43 short tons per acre. 
The value of 1.62 tons per acre found by this method is sufficiently 
close to justify field trials with other soils. At any rate the method 
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has the merit of simplicity and naturalness in the sense that even if 
lime is added to soil, the excess must be converted to CaC03, and 
It is the reaction with CaC03 that is of prime importance as far as 
the practical application of liming is concerned. Hitherto, this ob- 
viously simple method has not been tried to any extent because of 
the difficulty of finding the exact amount of CaC03 reacted with the 
soil acidoid. The measurement of CO2 evolved is tedious and time- 
consuming. With the present technique as many as 50 soils could be 
examined in a day, if the laboratory is equipped with the requisite 
apparatus for routine work. 


Table S. lime status and Lime requirement of Soils 


Lab. No. 
P.C. 

Locality 

pH 

Cai 

Ca2l 

Ca2n 

caain, 

L.S. 

per cent 

L.R. 

tons 

3 

Dharwar (Bombay) 

7.64 

51.2 

52.0 

52.4 

55.6 

98.5 

0.22 

S 

Dacca (Bengal) 

5.29 

3.8 

9.6 

10.0 

9.2 

39.6 

1.62 

9 

Malabar (Madras) 

5.76 

1.4 

6.6 


6.0 

16.3 

2.02 

12 

Tocklal (Assam) 

5.64 

2.6 

7.6 

8.2 

6.8 

36.8 

1.34 

14 

Esute Soil (Madras) 

5.371 

6.6 

17.0 

16.6 

IS.O 

36.6 

2.66 

15 

Shillong (Assam) 

7.71 I 

11.6 

15.6 

15.0 i 

14.4 

74.3 

1.12 

20 

Lower Burma 

5.64 1 

1.9 


4.9 

2.9 

34.5 

1.01 

25 

Bhln Soil (U.P.) 

7.41 

0.8 


3.6 

2.6 

25.8 

0.64 

34 

Gurdaspur (E. Punjab) 

7.63 

4.6 


8.4 

4.6 

100 

0 

40 

Umareth (Bombay) 

7.85 

7,6 

1 9.6 ' 

10.4 

8.6 

79.2 

0.56 

45 

Bihar 

7.47 

2.6 

1 3.9 

5.0 

3.6 

71.8 

0.31 

46 

Baroda (Bombay) 

7.63 

36.2 

43.2 

42.2 


66.4 

1.41 

49 

Madhopur (Bihar) 

6.33 

10.8 

13.6 

15.6 

13.6 

79.4 

0.76 


Ca| * Ca Salold In original soil (m.e. per 100 gm.) 

Ca 2 l 3 After treatment wtth CaCOj In water solution for 24 hours. 

Ca 2 n « After treatment with CaCC^ In KCl solution for 24 hours. 

Caoin 3 Ten minutes 'shaking with water under reduced pressure. 

L.S. and L.R. values on Ca 2 l basis. 

*Per acre 6 inches. 

It is important that the distinction between lime status and lime 
requirement be clearly borne in mind. Lime status is a ratio, and 
as such can be used for comparing soils from different localities. 
It indicates the ratio between saloid and acidoid in a soil and shows 
how far the acidoid is already neutralised by bases. Its weak point 
is that it takes into account only Ca and possibly Mg. It is true that 
the amount of other saloids in normal agricultural soils is low com- 
pared to Ca salold, but it is better to bear in mind exactly what is 
being measured than to be mis led by a single value constant, merely 
because it measures something. Lime requirement , on the other 
hand, is a quantity that shows the deficiency of Ca in a particular 
soil and is not fundamentally related to UmesUtus, In other words, 
two soils having the same lime status may have entirely different 
values for lime requirement. When the lime status of a soil is less 
than 100% we can say that it may require lime, but just how much 
per acre, we cannot tell. It is therefore advantageous when record- 
ing the values of lime status of soils to give the values for Caj and 
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0^2 mi Hi equivalents per 100 grams of soil. This will enable 

anyone to calculate the lime requirement values if required. ^ 

The proposed method of finding the lime requirement o! soils has 
the merit of simplicity and ease of manipulation. As it is based on 
a sound principle, the values obtained are not dependent on the 
amount of soil, the time of shaking, or the strength of solutions. 
The precautions to be observed are no more than those proposed 
for the analytical procedure for the estimation of Ca salold. It must 
be pointed out that this ratio can have significance only when saloids 
other than those of Ca are absent, a condition rarely encountered in 
natural soils. A word of caution, therefore, must be given in con- 
nection with the interpretation of this constant when different soils 
are compared. 

Lime status as a ratio also implies a straight-line relationship 
between the Ca salold present in the soil and the maximum amount 
of Ca salold that can form by the action of CaC03. This Is correct 
only within a restricted range of pH, as can be seen from the titra- 
tion curve of a soil acldold with CaC03. (Figure 17 ). 



Fig. 17. Titration Curve of H-Soil with Calcium Carbonate 
(Weight of soil B 5 gm.) 

Incidentally the titration curve of a soil acidoid with CaCOs is 
another good metliod of finding its base equivalent. The only diffi- 
culty is that of weighing small amounts of CaC03 for incremental 
addition to the soil suspension. If a stable suspension of CaCOs 
could be made so that small amounts of it could be measured, it 
would reduce the time factor considerably. The beauty of the titra- 
tion curve with CaC03 is that one can get a sharp break at the neu- 
tralization point; in fact the curve becomes horizontal to the X axis 
when the neutralization is complete. Any excess of CaCOs added 
beyond that point does not contribute to raising the pH value and 
therefore the values remain constant. 

From the practical point of view much may be said in favor of the 
CaCOs equilibrium point as the basis for determining lime require- 
ment of soils. The very slight solubility of CaCOa is a great ad- 
vantage in maintaining uniform conditions which can be easily re- 
produced. It is necessary, however, to exercise judgment in the 
use of this method. It is evident that even soils requiring no lime 
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might show lime requirement if the method is used indiscriminately, 
without proper regard to the pH value of the soil and the presence 
of saloids other than those of Ca. 


Comparison of Methods 

We have so far discussed three methods of finding the base equiv- 
alent of soil acidoid, namely, the interpolation value from the titra- 
tion curve (T/2); formation of ammonium saloid by the addition of 
excess of ammonia and removal of the excess by aeration or boil- 
ing; and the interaction of the acidoid with CaCOa. We can now 
compare the three methods and at the same time find the final pH 
value of the soil acidoid when it is shaken with CaCOs- For this 
purpose, 19 soils after the usual acid treatment and leaching were 


TabU $. Calcium ealoid formed in H soils shaken with CaCO^ 


Soil No. 
M Series 

OOP hour's 


46 hoiir'e 

^hakinv 



pH In 

equilibrium 
wlU) CaCOs 

Ca Saloid 
m.e. 
per cent 

pH in 

equilibrium 
with CaCOs 

Ca Saloid 
m.e. 
per cent 

NH3 taken 
up by 

100 gm.soil 

/a 

per 100 gm. 
soil 

1 

7.12 

25.2 

6.78 

24.4 

24.4 

23.2 

2 

7.26 

13.2 

6.86 

16.0 

11.6 

12.0 

3 

7.24 

15.2 

6.79 

13.6 

13.4 

14.6 

4 

7.29 

13.2 

6.76 

14.4 

11.4 

12.8 

5 

7.16 

22.8 

6.76 

21.6 

18.6 

20.0 

6 

7.30 

10.8 

6.90 

9.2 

9.2 

10.0 

7 

7.25 

17.2 

6.61 

16.6 ; 

13.6 

28.0 

6 

7.20 

26.6 

6.74 

2S.2 

26.2 

28.2 

9 

7.31 

6.4 

6.99 

7.2 

6.6 

12.4 

10 

7.20 

21.6 

6.60 

20.0 

20.4 

16.6 

11 

7.33 

18.0 

6.63 

14.0 

13.0 

14.0 

12 

7.24 

19.2 

6.66 

19.6 

19.6 

16.2 

13 

7.37 

6.4 

6.97 

9.2 

9.6 

9.4 

14 

7.26 

14.8 

6.93 

15.2 

10.6 

10.6 

16 

7.43 

7.6 

7.00 

6.8 

6.2 

6.6 

17 

7.32 

6.4 

6.92 

10.4 

13.6 

10.0 

21 

7.25 

15.2 

7.04 

14.6 

22.8 

' 14.2 

22 

7.34 

6.2 

7.01 

13.6 

12.0 

12.3 

23 

7.28 

12.0 

6.95 

10.0 

14.4 

12.5 


shaken for 1 hour and also for 48 hours with excess CaC 03 ; the 
final pH values were determined by the glass electrode; and the 
amount of Ca saloid formed was determined by the carbonate-oxalate 
method outlined above. The results are given in Table 6. The base 
equivalent values (T/2) determined by titration with NaOH and 
formation of ammonium saloid are also given. 

It will be noted that 48 hours’ shaking is not necessary to attain 
equilibrium with CaC 03 . There is no appreciable increase in the 
amount of calcium saloid formed when the suspension is shaken 
longer than 1 hour, though there is a sl^ht fall in the pH values. 
The general agreement between T/2 values, the formation of am- 
monium saloid, and neutralization with CaC 03 , measured under en- 
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tirely dif^er^nt sets ol conditions, would leave no doubt that we are 
dealing in all cases with reactions that are fundamentally identical 
This can be reconciled only with the view that soil acidoids behave 
like true acids in their action on carbonates, ammonia and other 
alkalies. 

It is evident that the pH value of soil in equilibrium with CaC03 
\s approximately equal to 7, in spite of the fact that a saturated 
solution of CaC03 has a pH value of 8.5. The fact that this value is 
reduced to 7 in the presence of Ca saloid is of great interest. It is 
evidently due to the lowering of the dissociation of CaC03 by the 
presence of a common ion, and the action Is similar to that of sol- 
uble Ca salts. This will be seen from Figure 18 in which the pH 
values of a saturated solution of CaC03 in the presence of varying 
amounts of Ca and Na salts and soils are given. The influence of 
soil saloids is of the same order as that of acetates. 



Fig. 16. Influence of Calcium and Sodium Salts and of Corresponding Soils on 
the pH Value of Calcium Carbonate Suspension 
(CaCOs s 5 m.e.) 

As noted previously, the pH value of ammonium saloid is of the 
order of 8. 2 as compared to 7 for Ca saloid, although both are chem- 
ically equivalent. Such differences in the case of soluble salts are 
of quite common occurrence, and the fact only emphasizes the gen- 
eral similarity of salts and saloids. The fact that the final pH value 
of Ca saloid lies at the neutral point, which is also the optimum for 
plant growth, gives added weight to this method for assessing the 
lime requirement of soils. 

It remained to be seen whether a soil acidoid after being partly 
neutralized with Ca(OH)2 or NaOH would take up the remaining por- 
tion of Ca to correspond to the equilibrium point. Increasing 
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amounts of Ca(OH)2, Mg(OH)2 andNaOH were added to a soil acidoid 
and the pH value of each mixture was determined after 48 hours* 
shaking. These suspensions were than shaken with excess CaCO^ 
and the final pH value, as well as the Ca saloid formed, was deter- 
mined in every case. The results are given in Table 7. 


Table 7. Calcium saloid formed in H Soil first partly neutralised 
with NaOH. Mg(OH)2i and CA(OH)2 and then shaken with CaC03 




Sodium bvdroxid« 

Maeneslum i 

hydroxide 

Calcium nydroxld« 

Amount oi 


pH after 

Ca saloid 


pH after 

Ca saloid 


pH after 

Ca Salol< 

0.1 alkat 
(CO 

pH 

shaking 

with 

CsCO, 

m.e. per 
50 gm. 
soil 

pH 

shaking 

with 

CaCOs 

m.e. per 
50 gm. 
soil 

pH 

shaking 

with 

CaCOj 

m.e. per 
50 gm. 
soil 

0 

3.46 

7.1S 

32.2 

3.46 

7.15 

32.2 

3.46 

7.15 

32.2 

5 

4.53 

7.20 

30.0 

3.6S 

7.09 

22.8 

3.56 

7.10 

33.6 

10 

4.49 

7.34 

26.5 

4.07 

7.15 

20.8 

3.86 

7.13 

33.0 

20 

6.40 

7.66 

14.6 

4.63 

7.19 

17.0 

4.58 

7.18 

32.6 

25 

7.66 

7.88 

8.6 

6.10 

7.30 

12.0 

5.97 

7.26 

32.2 

30 

9.06 

8.54 

3.6 

7.24 

7.56 

6.6 

6.94 

7.36 

33.0 

35 

9.66 

0.04 

1.2 

7.80 

7.62 

3.6 

7,50 

7.33 

34.2 

40 

10.20 

9.60 

0.6 

7.97^ 

7.68 

3.0 

8.56 

6.28 

39.4 

50 

10.87 

10.34 

0.4 

8.251 

7,78 

1.6 

9.14 

8.82 

40.6 


Close examination of Table 7 reveals some interesting facts. 
When the soil acldoids are first neutralized with NaOH and then 
shaken with CaC03, amount of saloid, i.e., of Na*fCa re- 

mains the same, and the soil is able to take up small amounts of 
Ca even at pH 9.68. This is possibly due to the replacement of a 
certain amount of Na by Ca In accordance with the well known dis- 
tribution of an acid between two bases, one of which is stronger 
than the other. The pH values of the soil saloids were determined 
before and after CaC03 treatment, and it is worthy of note that 
though the pH value of the Ca saloid alone is approximately 7, a 
mixture of Ca and Na saloid having the same equivalent weight has 
a much higher pH value. Therefore in the presence of Na saloid, 
In spite of the fact that the pH value may be even more than 9, the 
formation of Ca saloid can still take place. Of course part of this 
is due to the mutual saloid effect: the ionization of each is sup- 
pressed by the presence of the other, so that the total saloids at 
the equilibrium point are higher In the mixture than in the Na, Mg 
or Ca saloids individually. 

Another noteworthy fact is that the estimation of Ca saloid can be 
carried out in the presence of Mg saloid. This would seem ex- 
traordinary, in view of the fact that Ca and Mg salts are generally 
precipitated together by oxalates. The reason for this separation 
in soils lies in the fact that the activity coefficient of a Ca saloid is 
very much higher than that of a saloid; and in the presence of 
Ca saloid the ionization of Mg saloid is so completely suppressed 
that there are hardly any Ions to react with potassium oxalate with- 
in the time prescribed for this reaction, i.e., 15 minutes. It will be 
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recalled that the application of the K2C03-acetate-oxalate method 
for the estimation of Ca in Casaloid, evenin the presence of CaC03, 
is also based on the mutual saloid effect by which the ionization of 
CaC03 is completely suppressed, and thus no Ca ions from this 
source are available for precipitation by oxalate. 

Lime Requirement Methods 

— It is convenient at this juncture to give a brief account of the em- 
pirical methods of finding lime requirement of soils, to which some 
reference has been made in the foregoing. 

Lime requirement methods may be grouped under the following 
general heads: 

(1) Reaction with neutral salts such as KNO3 (Hopkins); KCl (Dia- 
Inihara also Kappen); BaCl2 (Godroiz). The last named has sug- 
gested exhaustive treatment, others sli^le treatment. 

(2) Reaction with hydrolyzed salt such as sodium or potassium 
acetate (Loew); calcium acetate (Jones and also Kappen). 

(9) Reaction with alkali such as Ca(OH)2 (Veilch); Cd(HC03)2 
(Hutchinson and Maclennen); Ba(OH)2 (Hlssink, also Lyon and 
Bizsel, also Truog); neutralization to pH 7 (Hopkins). 

(4) Reaction with ZnS and meyurement of H^S evolved. First 
suggested by TrUog and lat^ lnodi/Ted by Parker and Tidmo re . 

(5) Reaction with a carbonate and determination of CO2 evolved; 
In the cold (Tacke), or on heating (Knight). 

It is hardly worthwhile making a critical examination of the meth- 
ods outlined above. Obviously they must give different points on the 
titration curve of thesollacidoidand therefore any comparison be- 
tween them is a sheer waste of time. At one time they had attracted 
a good deal of attention, but the enthusiasm about them died down 
when It was realized that no two methods gave the same result. It 
is true that one or another of them is still used in soil laboratories 
for advisory work, but it is time that these empirical methods were 
discarded in favor of the titration curve which is the basis of all 
acidity measurement. We may still not be in a position to say which 
point on the titration curve would correspond to the lime require- 
ment as understood by the farmer, but at least we know that by lo- 
cating the exact point on the titration curve we shall know where we 
stand, and if our advice has miscarried we shall know exactly 
which side to turn to and not switch blindly from one method to 
another. 


CHAPTER V 

INTERACTION BETWEEN SULPHIDES 
AND SOIL ACIDOIDS 

Falling in a somewhat similar category to the interaction between 
soil acidoids and carbonates is the decomposition of sulphides by 
acidoids. This reaction has been studied by Truog* but not strictly 
quantitlvely. In his field outfit Truog employs a mixture of BaClo 
and ZnS which is heated with the soil suspension and the amount of 
H2S liberated is indicated by the depth of color produced on a lead 
acetate test paper. According to this method it was found that the 
order of acidity noted for a number of soils was always the same 
as that determined by BaCl2 replacement. 

Parker and Tidmoret have suggested a modification of Truog's 
method, which consists in absorbing the H2S evolved in dilute am- 
monia. An excess of standard iodine solution is then added, and the 
solution acidified with standard sodium thiosulphate of the same 
normality. They found that increasing the quantity of soU used In 
making the test increased the amount of H2S evolved, but not pro- 
portionately. Increasing the quantity of reagent above 1.1 grams 
did not increase, but actually decreased the amount of H2S evolved 
in some cases. The reaction is allowed to take place only for three 
minutes and other defined conditions must be adhered to rigidly to 
get reproducible results. 

The main difficulty about this reaction 1 $ that water itself can 
hydrolyze sulphides, and a certain amount of H2S is evolved purely 
for this reason; unless this is taken into account, it is impossible 
to study the extent of the decomposition brought about by the soil. 
Our methods of finding base equivalent of acidoids are much more 
refined and exact now than they were some years ago, and there is 
no reason why this reaction should not follow the general trend of 
results obtained in other reactions allied to it. 

A number of preliminary experiments were performed to stand- 
ardize working conditions, and the following observations furnished 
the basis for this standardization: 

(a) The amount of H^S evolved depends on the volume of water 
used. 

*Wl8. Agr. Cxpt. sta. Bull. 49, 191$. 

'Scit Sci., 16:75 (1923). 
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(b) The reaction in the cold when completed can be pushed to 
another equilibrium point by heating. 

(c) The reaction in the cold or on heating comes to a definite end 
point. 

(d) The air passed into the reaction vessel to sweep out the K25 
should be free from CO2. 

I'he reaction vessel is a long-necked flask. C02'free air is 
passed when the reaction is allowed to take place in the cold. On 
heating, the water distills over, the steam carrying the H2S evolved 
along with it and condensing into a standard iodine solution. Each 
time 250 cc of water (practically all of it) was allowed to distill over. 
After the first lot of water had distilled over, a second lot of 250 cc 
of C02~free water was added and the value thus obtained was taken 
as the blank which, when subtracted from the iodine reacted with 
the first lot, gave the true value of the decomposition brought about 
by the soil. 

Potassium sulphide was used in the first instance with 5 soils; 
0.5 gram of K2S was used each time with 250 cc of water. The re- 
sults given in Table 8 show that the base equivalent of the soil 
acldoid, as determined by neutralization with ammonia, is very 
nearly equivalent to the amount of H2$ evolved in the cold, and is 
also approximately equivalent to the amount of K taken up by the 
soil. The total amount of H2S evolved on heating is only approxi- 
mately equivalent to twice this value. 


Tabl« 8. Interaction between H soils and K 2 S 



K^S llbvrAltd, m.c./lOO gm. soU 

T/2 

xn.e./lOO gm. aokl 

K taken up 
m.e./lOO gm. soil 

Without 

heating 

After 

heating 

ToUl 

13 

80.3 

35.4 

95.8 

58.6 

54.0 

122 

O.l 

13.1 

22.2 

8.8 

8.2 

123 

25.0 

35.8 

80.8 

25.3 

24.2 

138 

10.3 

8.S 

16.8 

7.6 

8.1 

155 

12.8 

12.2 

24.6 

11.8 

1L5 


A more comprehensive series of soils was then examined, using 
BaS instead of K2S. The former has certain advantages over the 
latter on account of its limited solubility in water. Results with 
only 5 soils are recorded in Table 9 by way of illustration. Here 
again the total H2S liberated appears to be nearly twice the base 
equivalent determined by neutralization with ammonia, and the 
agreement is closer in this case than with K2S. 

It has been shown that the reaction of the soil acidoid with am- 
monia represents approximately the neutralization of the first 
hydrogen of the dibasic acidoid (T/2 value). It would appear, there- 
fore, that reaction with a sulphide on heating takes the acidoid to 
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t^he point of complete neutrality, and thus gives a true value of the 
base equivalent of the dibasic acidoid (T value). 

That the H 2 S liberatedby the soil acidoid is equivalent to the base 
t^en up by it can be shown in the following way. After reaction 
with K 2 S in the cold the soil is leached with water till free from 
excess K 2 S. It is then leached with 0 , 2 N (NH 4 ) 2 C 03 to displace all 
the K that has reacted with the acidoid. The filtrate is evaporated 
to dryness, at which point all the ammonium carbonate is driven out 
leav ng behind the displaced K 2 CO 3 , which is equivalent to the K 
saioid lormed by the interaction between the acidoid and KoS. This 
IS simply titrated with standard acid. These values are included in 
the last column of Table 9 and show very good agreement both with 
the base equivalent as well as H 2 S liberated in the cold. 


Tible 9. Interaction between H Soils and BaS 


Soil Ko. 
P.C. 

H 2 S liberated. m.e./100|?m. soil 

/2 

m.e./lOOgm. aoll 

H^S liberated by 
natural aoll on 
heating 

m.e./lOOgm. aoU 

Without 

heating 

On 

heating 

ToUJ 

Id 

56.7 

51.3 

106.0 

56.6 

47 6 

110 

4.6 

3.6 

6.4 

4.6 


122 

13.4 

6.4 

19.6 

8.8 


123 

20.0 

39.4 

S9.4 

25.3 

26 6 

136 

7.0 

7.4 

14.4 

7.6 


166 

6.5 

7.0 

13.5 

6.0 


144 

9.2 

4.8 

14.0 

6.7 


154 

14.0 

11.0 

25.0 

lO.S 

10 2 

155 

13.2 

11.6 

24.6 

11.6 



Soil acidoid partially neutralized with NaOH was next studied for 
decomposition of BaS. It was observed that there is a regular de- 
crease in amount of BaS decomposed and that the decrease is al- 
most equivalent to the amount of NaOH added to the acidoid. In 
other words, the amount of H 2 S liberated is equivalent to the resid- 
ual acidity of the partially neutralized acidoid. 

It was sUted earlier that natural soils subjected to a moderate 
amount of leaching tend to reach their limit of hydrolysis. It was 
also shown that this limit is attained when the dibasic soil acidoid 
is half neutralized (equivalent to T/2 value). It would appear, 
therefore, that a normal natural soil which is neither acidic nor 
alkaline will show very little decomposition of the sulphide in the 
cold. On heating, however, it may show a value equivalent to its 
r /2 value This is brought out in Table 10, the values in which are 
comparable with those in Table 9. These results may be compared 
to the interaction between CaC 03 and soils on heating. The paral- 
lelism IS striking. 

It is rather remarkable that although one would expect that the 
neutralization of the second hydrogen of the dibasic soil acidoid 
would take place in the presence of excess alkali at a high pH value 
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(and indeed this is actually the case with NaOH), this neutralization 
talses place by heating the acidoid with a sulphide or carbonate of 
Ba and Ca. The only explanation that appears to fit is that both BaS 
and CaC03 apparently yield a high concentration of hydroxyl ions at 
the boiling point of water, to complete the neutralization. It must 
also be remembered In this connection that the normal salold 
formation of the acidoid will take place at a lower pH value with 
alkaline earths than with alkalies. Compare for instance the pH 
value of the ammonium H saloid with calcium H salold (cor respond- 
Ifig toT/2 value); in one case the pH value is of the order of 6.2 and 
In the other it is 7. This difference may be still greater when the 
normal saloid formation or the neutralization of the second hydro* 


Table 10. pH Values of R soils determined by hydrolysis of ethyl 
acetate and Inversion of sucrose 



Clay 

(%) 

pH of original 
soil 

1 oK of H soil 

Direct 

Hydrolysis 

Sugar Inversion 

1 

32.2 

7.32 

3.16 

3.24 

3.26 

2 

20.8 

7.84 

3.67 

3.60 

3.98 

3 

0.7 

7.84 

3.67 

3.75 

4.06 

i 

11.8 

7.92 

3.87 

3.55 

3.52 

3 

16.0 

8.14 

4.92 

3.80 

3.82 

6 

13.9 I 

7.90 

3.57 

3.86 

3.54 

7 

29.8 

7.S0 

3.08 

3.22 

3.28 

8 

9.3 

7.81 

3.42 

3.68 

4.02 

9 

25.3 

8.94 

3.44 

3.22 

3.42 

10 

11.3 

6.48 

4.26 

3.62 

3.92 

IX 

21.6 

9.S9 

5.31 

4.22 

4.36 

12 

22.4 

7.85 

4.86 

4.08 

4.10 


gen takes place. Ills also to be remembered that in the decomposi- 
tion of both carbonates and sulphides it is the total acidity that is 
neutralized, and pH value as such has no influence. It is, therefore, 
reasonable to expect that the reaction will be pushed to the final 
stage of neutralization at the prevailing pH value. 

There is evidence that complete neutralization of the soil acidoid 
with NaOH takes place in the neighborhood of pH 11.0, and it would 
not be surprising if in the case of Ca(OH)2 or Ba(OH)2 it is accom- 
plished at 6.7, which may be achieved in a boilii^ solution of these 
alkalies. 






CHAPTER VI 

HYDROGEN ION ACTIVITY OF 
SOIL ACIDOZDS 

We have seen that soil acidoids have a definite activity coefficient 
that can be expressed by their dissociation constants (K) or pK 
values, which can be measured with a fair degree of accuracy from 
their titration curves with NaOH. Besides the direct measurement 
of hydrogen- ion concentration electrometric ally or colorlmetrically, 
we have other methods of determining the catalytic activity of hy- 
drogen ions in soil acidoids. The two best known ways to measure 
concentration of hydrogen Ions by their catalytic activity are hy- 
drolysis of ethyl acetate and inversion of sucrose. These are dealt 
with separately. 

Hydrolysis of Ethyl Acetate 

The relationship between pH value and hydrolysis of ethyl acetate 
is capable of being represented by a smooth curve. This will be 
clear from Figure 19, which gives the hydrolysis by buffer solutions 
of different pH values. The time of contact between the ester and 
the buffer solution was 24 hours at the ordinary room temperature 
(curve U) and 4 hours at 50®C (curve R. It is clear that virtually no 
hydrolysis occurs above pH 5. If we plot logarithms of the concen- 
tration of acetic acid produced against the corresponding pH value, 
we get straight lines. The relationship is therefore capable of being 
expressed mathematically, and the following formulas are obtained 
for the two temperatures: 

Room temperature, 24 hours' shaking: pH » 5-1.5 log^Af 
At 50^C, 4 hours' shaking: pH « 4.6- 1.2 log^Q^ 

where E is the amount of acetic acid produced in mllllequlvalents 
in both cases. 

Temperature plays an important role in the rate of hydrolysis of 
ethyl acetate. There is practically no hydrolysis at lO^C because 
the rate is so slow that no appreciable amount of acetic acid Is 
produced within a reasonable time of contact. The rate of hy- 
drolysis rises very rapidly above 50^C and for all comparisons the 
temperature should be kept constant somewhere between 40 and 
50^C. 
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As important as the effect of temperature is the influence 
concentration of ethyl acetate solution. In a study of this effect 
KCl-HCl buffer was used, both the strength of the buffer solution 
and the concentration of ethyl acetate beii^' varied. The total vol- 
ume of the buffer and ethyl acetate was 50 cc in every case, the 
mixture being kept for 25 hours at room temperature. If we plot 
logarithms of concentrations of acetic acid produced against pH 
values, series of straight lines are produced and the relationship 

can be expressed by the following formulas: pH s 2.5 log^O 

where C, is the concentration of ethyl acetate, expressed in cubic 



Fig. 19. Relation between pH Value and Hydrolysis of Ethyl Acetate 

centimeters per 100 cc, and F is the amount of acetic acid produced 
expressed in cubic centimeters of O.IN solution. 

Since pH 9 log^, where is in the concentration of hydrogen 

ions, we have 

log^-^ = 2.5 or - ^ = 10 ^-^ 

i.e., £ = Ce • XlO^-^ 


which follows from the law of mass action, i.e., hydrolysis is pro- 
portional to the product of the active masses, which are the hydro- 
gen ions and ethyl acetate in this case. 
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The effect of time of shaking, temperature and the concentration 
of ethyl acetate on hydrolysis in the case of soil acidoid is similar 
to that with buffer solution. These are shown in Figures 20 and 21. 
If the soil acidoid is gradually neutralized with NaOH by the addition 
of increasing amounts of alkali, it is seen that the first lot of alkali 
produces a great change in' hydrolytic power, after which the change 
becomes more gradual until the hydrolytic power is completely lost. 



Fig. 20. Effect of Time of Shaking and of Quantity of Soil on the Hydrolysis 

of Ethyl Acetate 

Because of the limited range of pH value in which hydrolysis is pos-* 
sible, as it ceases altogether at pH values about 4.75, the method is 
not suitable for finding the titration curves of soils. The results 
are interesting, however, in establishing the analogy between 
acidoids and true acids. 


Sugar inversion 

The potarimetric method of determining inversion of sucrose is 
usually the best for mineral acids. Difficulties are experienced, 
however, in the use of the polarimetric method with soli acidoids. 
First, it is difficult to obtain a clear solution in many cases; sec* 
ondly, the actual inversion is very small compared to the total con* 
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centratlon of the sugar solution, and consequently only a very small 
change occurs in the polarimetric reading, which is already very 
high. Titration of Fehling solution is free from these objections 
and can be successfully used for studying sugar inversion. 

Standard Fehling solutions are made (a) by dissolving 69.28 
gramsofCuS04 toone liter, (b) by dissolving 350 grams of Rochelle 
salt (sodium potassium tartrate) and 120 grams of pure NaOH and 
makinguptol liter. Five cc of each of the two solutions are mixed, 
diluted with about 30 cc of water, and gently boiled. The boiling 



Fig. 21. Effect of Concentration of Ethyl Acetate on Hydrolysis by Soil 

solution is then titrated with the sugar solution, care being taken 
that the glucose in the solution does not exceed 1%. Near the end 
point, which Is determined by a preliminary rough titration, two 
drops of 1% methylene blue are added. Every time the Fehling solu« 
tlon is used it should be standardized with freshly prepared 1% glu- 
cose solution. As both glucose and fructose formed by inversion, 
better known as invert sugar, are capable of reducing Fehling 
solution, it is always the total invert sugar solution that is deter- 
mined. A blank reading with sugar solution used is also taken every 
time to allow for the glucose in It. The general relation between 
pH value and sugar inversion is similar to that of hydrolysis with 
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ethyl acetate (Figure 22), and is defined by the following formula: 

pH » 2.3-log^Q£ 

where E is the sugar Inversion in grams per 25 cc. This relation 
was obtained by usli^ Na acetate -acetic acid buffers with four 
hours' shaking at 60^C. 

Obviously the inversion of sugar, like the hydrolysis of ethyl 
acetate, depends on the concentration of sugar, the amount of soil 
acidoid, time of contact and the temperature. In all cases, however, 
the results can be expressed by smooth curves, so that for com- 
parison all these factors can be arbitrarily fixed at convenient 
points when studying acidoids from different soils. 





Fig. 22. Relation between pH Values and Sugar Inversion Ma* Acetate- Acetle 

Acid Buffer. 4 Hours' Shaking at UfiC. 

From a comparison of the relation between pH and hydrolysis as 
well as sugar inversion, it is seen that hydrolysis becomes inap- 
preciable between pH 4.5 and 5, whereas sugar inversion stops 
somewhere about pH 5.5. It is worthy of note that both sugar in- 
version and hydrolysis continue to take place to a higher pH value 
in the case of soil acidoids than in the case of buffer solutions. This 
fact emphasizes the unreliability of the usual electrical methods 
of measuring the pH value of soil acidoids. This statement is likely 
to be misunderstood and therefore needs to be qualified. It should 
be noted that soil acidoid is not buffered, just as any weak soluble 
acid is not buffered until it is partially neutralized. The unrelia- 
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bility electrical method, therefore, mainly refers to soil 

acidold in the absence of saloid; when present, the latter gives the 
mbfture the characteristics of a buffer solution, which is not sen- 
sitive to slight alterations In the experimental conditions and lends 
itself to accurate measurement of pH value. It is also possible, and 
perhaps more probable, that the ionization of the acidoid, and con- 
sequently its pH value, is affected by the presence of ethyl acetate 
and sucrose, both of which might be expected to lower the pH value. 
Hence hydrolysis or inversion can occur even when the pH value of 
the acidoid- saloid in water is higher than the limiting value beyond 
which the catalytic activity of H ions ceases in the case of buffer 
solutions. 

Table ll. Calculated and actual pH values of H soils In different salt solutions 


Salts 

p.r. 

13 

P.C. 

146 

P.r. 

109 

Fouod 

Calc. 

Pound 

Calc. 

Pound 

Calc. 

potassium 

3.1 

2.1 


2.8 

2.8 


3.4 

3.8 


Chlorlds 

Nltrats 

3.7 

2.6 

2.4 

Aestats 

4.S 

4.3 

4.5 

4.4 

5.0 

6.0 

borate 

1.3 

7.1 

7.6 

7.2 

6.3 

7.8 

sulphate 

3.6 

2.9 

2.9 

$.0 

3.7 

3.6 

chromate 

5.7 

S.6 

6.9 

5.7 

6.8 

9.2 

carbonate 

7.3 

7.7 

7.6 

7.8 

9.2 

6.4 

Sodium 





4.0 


chloride 

3.0 


2.9 


4.2 

sulphate 

3.0 

3.2 

3.0 

3.1 

4.1 

acetate 

4.6 

4.6 

4.6 

4.5 

5.2 

5.6 

chromate 

6.0 

9.9 

6.1 

5.8 

6.6 

6.9 

borate 

1.4 

7.6 

7.5 

7.4 

8.3 

8.6 

carbonate i 

6.9 

8.1 

9.2 

6.0 

9.6 

• 94 

Ammonium 



2.7 




chloride 

2.6 





sulphate 

3.6 

2.8 

2.0 

2.9 



acetate 

4.4 

4.3 

4.4 

4.2 



chromate 

5.8 

6.6 

5.9 

6.6 



carbonate 

7.7 

7.7 

7.9 

7,6 



Calcium 





3.4 


chloride 

3.S 


2.6 


3.7 

sulphate 

3.6 

2.6 

3.9 

2.9 

2.5 

acetate 

4.4 

4.4 

4.4 

4.5 

5.3 

6.4 

borate 

7.9 

7.9 

8.1 

8.0 

6.7 

8.8 


From the general relation between pH value and hydrolysis of 
ethyl acetate as well as inversion of sucrose, the pH value of any 
soil acidoid could be determined by interpolation from either of the 
two relations. For hydrolysis 10 -gram portions of soil acidoid 
may be shaken with 50 cc of 5% ethyl acetate solution for 4 hours at 
50^C. Shaking may be done by hand at frequent intervals, after 
which the mixture is cooled and filtered, and an aliquot titrated with 
standard alkali. From the quantity of acetic acid produced, the pH 
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value is interpolated from the curve or calculated from the relation 

pH = 4.6- 1.2 logjQf 

where E is the amount of acetic acid produced in mllliequivalents. 

In the case of sugar inversion, 5 grams of the soil acidoid are 
kept in contact with 25 cc of 20% sugar solution at 60®C for 4 hours. 
The pH values can be calculated by the following formula: 

pH = 2.3-logj^£ 

where E is the sugar inversion in grams per 25 cc. 

These pH values of the soil acidoids are generally lower by 0.6 
than those determined by hydrolysis. To obtain pH values of soils 
comparable with those determined by hydrolysis of ethyl acetate 
therefore, 0.6 should be added to the interpolated values. It is a 
remarkable fact that this lowering of the pH value agrees with the 
observation of Moran and Lewis* and Cor ran and Lewis^, that 
sucrose is able to cause a large increase in the activity of various 
ions while not appreciably altering their concentration. The im- 
portance of these results is obvious insofar as they emphasize the 
essential similarity of acids and acidoids. In Table 1 1 are given 
interpolated pH values of soil acidoids by the two methods as well 
as direct determinations with the glass electrode. The pH value of 
the original soils as well as their clay contents are included in the 
table to show the diverse character of the soils. These values have 
been picked at random from a larger collection by way of illustra- 
tion. 


•J. Chem. 121:1613 ( 1922 ). 

Jj. Am. Cf>9m. Soc., 44:1673 ( 1922 ). 


CHAPTER VII 
EXCHANGE ACIDITY 


When a neutral salt Is shaken with a soil acldoid, a portion of the 
cation of the salt is taken up and an equivalent amount of free acid 
Is produced. This is one of the earliest observations of soil acidity. 
Similarly, when a hydrolyzed salt, l.e., a salt of a strong alkali and 
a weak acid, is shaken the amount of acid set free is considerably 
greater: It came to be known as the hydrolytic acidity of the soil. 
It is aiso referred to as potential acidity or exchangeable hydrogen. 
How this acid appears in solution, and how it is related to soli 
acidity has always been one of the greatest puzzles of soil science. 
The simplest explanation, based on “adsorption” and borrowed from 
colloid chemistry, appeared to be the handiest, and was almost uni- 
versally accepted in one form or another. 

It is well known that the distribution of a base between two acids 
is governed by the relative strength of the acids competing for the 
base, the stronger acid combining with the larger proportion of the 
base. In other words, if the relative amounts of the individual salts 
formed could be estimated, the relative strength of the acids in a 
mixture could be known. Similarly, as a salt is added to a soil 
acidoid, the amount of the basic portion of the salt going over to the 
soil acidoid will be governed by the relative strength of the acid rad- 
io al of the salt as compared to the so 11 acidoid. Forexample, a larger 
proportion of the base would be taken up by the soil from acetates 
than from chlorides. 

In the followii^ discussion evidence will be presented to show that 
the whole phenomenon of exchange acidity is due to the distribution 
of a base be tween two acids, and is entirely governed by the relative 
strengths of the acid and the soil acidoid; it will be shown, more- 
over, that any special meaning attached to exchange or hydrolytic 
acidity or any distinction between the two is purely arbitrary and 
highly misleading. 

One of the most accurate methods of followir^ the distribution of 
abase between two acids is the measurement of pH values. When a 
mixture of equivalent amounts of two acids of unequal strength is 
titrated with a base, the titration curve is identical with that of the 
stronger acid at the start, and if the dissociation constants of the 
two acids differ greatly, almost all the stronger acid is neutralized 
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before the weaker acid is affected. From the nature of these titra- 
tion curves it is possible to judge the relative strei^ths of the 
acids. On the other hand, the change in the pK value of an acidoid 
on the addition of an equivalent amount of a salt of an acid will In- 
dicate the strength of the acid. 

The equivalent point of a soil acidoid can be determined from its 
titration curve, and is referred to as its T/2 value. Four soils of 
widely differing characteristics were used in the first instance 
after converting them into acidoids by treatment with 0.0 5N HCI as 
usual. Equivalent amounts of K salts of various acids were added 
to these soil acidoids and pH values determined with the glass elec- 
trode. When the pH values of the resulting mixtures are plotted 
against the logarithms of their dissociation constants, i.e., the pK 
values, a series of {parallel lines for various soils is obtained. 

Thus if the pH value of a soil acidoid In KCl solution is found, 
its pH value in any other solution of the K salt of the acid of which 
the pK value is known is given by the formula: 

pH » 0.57 (pK-1.4) pH KCl (A) 

It is, of course, understood that the various salts and the acidoid 
are used in equivalent amounts. The pK values of the various acids 
used are as follows: 


Acetic acid • 4.2 Carbonic acid s 10.2 
Chromic acid s 6.4 Nitric acid « 1.5 
Boric acid s g.2 Sulphuric acid » i.g 

Hydrochloric acid & 1.4 


These acids in the concentrations developed in soils have no action 
on the electronegative portion of the soil acidoid. Formula (A) is 
applicable to K salts. For Na, NH 4 and Ca salts the following 
formulas were worked out from the straight-line relationships: 

pH » 0.58 (pK- 1.4) pH NaCl (B) 

pH s 0.58 (pK - 1.4) pH NH 4 CI (C) 

pH » 0.69 (pK-1.4) pH CaCl2 (D) 

The calculated pH values for three soils in different salt solutions 
in comparison with those determined experimentally are given in 
Table 12 by way of illustration. In every case 5 grams of the soU 
acidoid was shaken for 48 hours with various salts in 100 cc of solu- 
tion. The calculated and determined pH values show a good agree- 
ment for all types of soils studied (of which values for only 3 are 
given) and leave no doubt as to the nature of the exchange reactions 
involving the displacement of H ions. 

The relation established In the foregoing is true only when equiva- 
lent amounts are used. It would be interesting to know how increas- 
ing amounts of salts affect the distribution of the base. From (he 
titration curve of an acid, we can imagine any point on the curve as 
representing an acid which is weaker than the original acid. U we 
are dealing in terms of the H ions only, a series of acids of de- 
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creasing acUvity can be obtained by parUally neutralizing any acid 
^irSlreasing^amounts ol a base. For 

one-fourth, one-half, and three-fourths neutralized acetic acid are 

4 7 4 95 and 5.40, respectively. . 

We can regard an equivalent amount of any of these partially 

neutralized acids in the usual manner as conUining ^ 
of replaceable hydrogen. When they are neutralized the net result 
will be salts of increasing concentration. Alternately, we can re- 
gard increasing concentrations of a salt as the equivalent of a base 
neutralized with acids of decreasii^ activity. This conception may 
help us in visualizing the mechanism of pH chaises of a soil acid- 
old with increasing amounts of salt. If we plot the pH values with 
Table 12. Calculated and actual pH values of H soils In K acetate 



different concentrations of a salt against the calculated pK values, 
the results fall on straight lines characteristic of different acids. 
HCl being completely ionized, the same pH Is obtained at all con- 
centrations with KCl, which fixes the starting point. The formulas 
developed can be used for finding the pH value of a soil acidold in 
any solution at any concentration, provided we know the pH on the 
addition of an equivalent amount of the salt from formulas (A) to 
(D). The equation giving the relation between pH and pK values at 
different concentrations is described as follows: 

Equations (A) to (D) can be written in the general form: 


pH » « (pK-pK^) pHq (E) 

in which pH^ is the pH value when the soil is treated with KCl at 
equivalent concentrations; pKq is the dissociation constant of HCl 
(s 1.4); pK is the dissociation constant of the acid of which the salt 
is used, and m is the slope of the line. For the equation of any 



48 


SOIL CHEMISTRY 


straight line that branches off from this line at any point (i.e., the 
line showing the relation between concentration and pK)» the equa-* 
tlon will be: 

pHj » (pKj-pK) +pH (F) 

In which pH is the value when the concentration of the salt is equiva* 
lent to that of soil acidoid and which is given by formula (E), i.e., 
pK is the dissociation constant of the acid in accordance with the 
assumption made above; and mi is the slope of the line showing the 
effect of concentration on pH. 

Substituting numerical values in equation (F) in the case of soil 
P.C. 13 acidoid we have for acetates: 

pHi • 0.835 (pKx-4.2) 4^ 4.3 

and for borates: 


pH^ * 1.72 (pKi-9.2) + 7.3 

The values of pK^ are of course calculated for every concentration 
in accordance with the assumption that a higher concentration of salt 
may be taken as the salt of a weaker acid. 

The following relation is used for finding the pK value. If Ci is 
the concentration of the salt and Cg is the concentration equivalent 
to the soil acidoid, then the pKj value of the partially neutralized 
acid equivalent to the soil acidoid is given by the pH of the acid 

neutralized to 100 %. This value is interpolated from the 

titration curve of the acid. An example will make this point clear. 
Suppose we want to find the pH value of a solution containing 10 xn.e. 
of K acetate when shaken with a soil containing 2 m.e. of acidoid. 
The pK^ value of the partially neutralized acid will be equal to pH 

.) s 90% of acetic acid Is neutralized wlthKOH. 


when 100 (1- — 

2 X 10 

From the titration curve of acetic acid this 1$ found to be 5.6. Sub- 
stituting this value in formula (F) we have: 

pHj s 0.835 (5.6 -4.2) 4.3 » 5.46 


When dealing with salts of dibasic acids like chromic and carbonic, 
a straight-line relation does not occur at low concentrations. The 
reason is obvious. These acids have a point of inflection at the end 
of the first half of the neutralization when the conditions are highly 
unbuffered, and therefore a slight change in the degree of neutraliza- 
tion can produce a large difference in the pH value. The measure- 
ment of the pH value is not reliable in this region, and it is not cer- 
tain whether we are dealing with the first or the second dissocia- 
tion constant unless we work with concentrations so high that they 
can fall only in the second half of the titration curve. Sulphates, on 
the other h^d, fall in line with salts of a monovalent acid, because 



49 


EXCHANGE ACIDITY 

there is no point of inflection at the end of the first half of the neu- 
tralization. W* 

Xhe data presented in the foregoing should leave no aouDt as lo 
the fundamental cause of the so-called exchange acidity which Is 
ffoverned by the law of distribution of a base between two aci^ of 
unequal strength. The fact that one of the two acids is an acidoid 
does not make the slightest difference in the state of equilibrium or 
its mathematical treatment 



CHAPTER vm 

HEAT OF NEUTRALIZATION OF SOIL ACIDOID8 


It is well known that the process of neutralization of any strong 
acid in dilute solution consists in the union of the hydrogen ion of 
the acid with the hydroxyl ion of the base» forming a molecule of 
water. The process of neutralization is the same for any acid or 
base which dissociates completely. If the acid or base Is weak and 
only partially dissociated by water, neutralization can proceed only 
until all the undissociated molecules have dissociated. The accom* 
panylng thermal change, if positive, is added to the heat of neutraU 
ization, and if negative, diminishes it There is no independent 
evidence to show the negative or positive heat of dissociation, how- 
ever. As a matter of fact, in no case is there a positive heat of 
dissociation, and therefore the heat of neutralization never exceeds 
the heat of combination of hydrogen and hydroxyl ions in the case of 
weak acids or bases, which are expected to undergo progressive 
dlssociatlpn or neutr^izatlon. 

It is clear that the heat of neutralization of acids and acldolds 
with a particular base is a function of its dissociation constant: the 
stronger the acid the greater the heat of neutralization. Conse- 
quently, if we neutralize an acid progressively and measure the heat 
of neutralization and plot the results against the incremental addi- 
tions of alkali, we get a curve similar to the familiar titration 
curve, with a point of inflection at the neutral point. Such curves 
for a number of acids as well as the soil acidoid are shown In 
Figure 23. 

The heat evolved in every case is a function of the pH value, so 
that over the buffer range of the acid, the heat of neutralization for 
every addition of alkali changes but little. There is an abrupt drop 
in the heat of neutralization toward the end point, when the pH value 
rises rapidly. Results with phosphoric acid are interesting. The 
three stages of neutralization corresponding to the di-acid, mono- 
acid and normal 8 alt formation are shown in the curve. The general 
similarity of the soil curve to those of the common acids leaves no 
doubt that the fundamental reaction is the same in all cases. 

Heats of neutralization can be measured In a Dewar cylinder 
about 4 or 5 cm in diameter fitted with a stirrer and a Beckmann 
thermometer capable of reading to 0.002^C. Two such cylinders 
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Fig, 23. Calorimetric and Electrometric Tltraticm Dittos of Acids and Soil Acidoid 
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should be used, one for holding the acid and the other for the alkali 
solution. The latter is added with a pipette which is waxed on the 
outside to reduce to absolute minimum the thermal change during 
transference. A known we4;ht of the soil acldold is suspended in a 
known volume of water and the temperature noted. A known volume 
of alkali solution, the temperature of which is also known, is added 
to the suspension and the rise of temperature noted; from these 
data the heat of neutralization per gram equivalent of alkali Is com* 
puted. All the results are recorded in calories per gram equivalent 
of alkali. 

It Is worth emphasizing that to get the best results in studying the 
heat of neutralization of soil acidolds, they should be completely 
dispersed in water. This is done simply by converting the acldold 



Fig, 24. Relation between pH Value and Heat of Neutralisation 

into sodium saloid and then reconverting it to the acldold without 
allowing it to dry. The full significance of these steps will be ex* 
plained later. 

If the heats of neutralization per gram equivalent of alkali for 
various acids at different stages of neutralization are plotted against 
the cor responding pH values obtained from their electrometric titra- 
tion curves, two straight lines result, one for the acid range and 
the other for the alkaline range. (Figure 24). 

The relation between pH and heat of neutralization (H) for acid 
and alkaline ranges derived by fitting a straight line to the data by 
the method of least squares, is as follows: 

For acid range: H s 21.34 — 1.73 pH 
For alkaline range: H « 30.22 ~ 2.11 pH 

The linear correlation coefficients are 0.84 and 0.91, respectively, 
both values being highly significant. 
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In working out these relations the values for 
hAen included along with those of other acidoids, „„ 

points pertaining to soU are in no way ^ust like 

ulds' is additional evidence that soil acidoids behave J 

other’acids as regards heat of neutralizaUon. 



CHAPTER DC 


RELATION BETWEEN SPECIFIC SURFACE 
AND CHEMICAL REACTION 


Particle Size and Specific Surface 

The surface reaction of soils has led some workers to postulate 
the existence of a colloidal coating on the soil particles. How this 
hypothetical jpoating is bound to the particles is not explained. It 
is also not clear why this coating does not wear off, for soils in 
nature are subject to several forces of attrition which would remove 
any colloidal coating In a short time. A much more logical way of 
regarding the colloidal behavior of soils would be to suppose the 
existence of particles of colloidal dimensions. That such particles 
do exist can be demonstrated by ultra-mechanical analysis of soils, 
to be described in another chapter. That so far they had escaped 
attention is due to the fact that the lower limit of particle size in the 
usual method of mechanical analysis has been 0.002 mm or 0.001 mm 
at the most. These would be considered very coarse compared to 
colloidal dimensions. 

Specific surface Is defined as the surface area per unit mass of 
the particles. Since chemical reactivity is confined to the molecules 
constituting the surface, we may define as ** active mass* that por- 
tion of the total weight which constitutes the monomolecular surface 
layer. When active mass constitutes an appreciable percentage of 
the total mass of a substance, it is said to be in the colloidal state. 
This definition of the colloit^ state, as we shall presently see, is 
preferable to others of a more or less conventional type. 

The active mass of a substance can be calculated from its speci- 
fic surface and from the diameter of the molecules constituting the 
surface In one gram of the substance. This value when divided by 
N (Avogadro’s number) gives the active mass in gram molecules 
per gram of the substance. If this value is multiplied by the molecu- 
lar weight of the substance we get the active mass in gram molecules 
per gram molecule of the substance, which can be expressed as a 
percentage by multiplying by 100. Thus the active mass of a sub- 
stance increases from zero to 100% when the coarse particles are 
gradually reduced to a state of molecular dispersion. The colloidal 
state is the intermediate state in which the increasing degree of 
dispersion is associated with increasing percentages of the active 
mass. 
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Specific surface is given by the formula:* 

SS » 0.02264 Yp/d 

where p is the percentage by weight of particles of mean diameter 
ti. It is evident that the value of specific surface would vary with 
the point at which analysis is stopped; it is thus not possible to get 
its unique value unless It is with reference to some fixed lower 
limits of analysis. The following numerical example will make 
this point clear. A soil has the followij^ percentages of particles 
of different sizes: 

Percentage of particles below 0.002 mm 56.8 
' ' * • 0.001mm 57.8 

» • • * 0.00063 mm 54.6 

• ■ • * 0.00004 mm 26.4 


If the analysis were stopped at 0.002 mm» the contribution of the 
particles below this size to the specific surface would be 

58 8 

Sj s 0.002264 ~ — 

2 *^ 


(The diameter of the particles of the lowest size is taken to be equal 
to half that of the finest particles determined by analysis). Similar- 
ly^ if the analysis is stopped at 0.001 mm the contribution would be: 



58.5-57.8 


0.0015 

10 


57 8 

4 ^ a 2.63 sq. m. per gram. 

1 ^ 0.001 ^ 

2 * 10 


If the analysis is stopped at 0.00063 mm and 0.00004 mm the con- 
tributions are S3 and S4, respectively: 

53 a 4.04 sq. m. per gram 

54 s 31.6 sq. m. per gram. 

It appears, therefore, that specific surface must be defined with 
reference to the lower limit of analysis, and the accuracy of deter- 
mination of its active mass or chemical reactivity will deoend on 
the lower limit, which may be taken as 0.00004 mm, or 10"^*^ cm. 
The followir^ empirical formula also can be used to determine the 
specific surface of soils when the percentage of particles below 
0.00004 mm (s p) is known: 


SS = (13.51 X p + 17.4) X lo3 

This relation affords a convenient method of estimating the specific 
surface of soils by determining the percentage of particles of 
0.0004 mm diameter with the help of refined pipette technique for 
the ultramechanical analysis described later. Specific surfaces of 
afewtypical soils calculated directly from ultramechanical analysis 
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10 - 3.4 


and from the percentage of particles of 0.00004 mxn diameter are 
given in Table 13. It will be seen from these data that the values 
of specific surface for some of the soils are of a much higher order 
than those given by previous workers. 

f^tljerto we have confined ourselves to particles of diameter 
cm as the smallest size for calculating specific surface, be- 
cause this could be determined experimentally by the pipette meth- 
od. There is, however, no reason why there should not be particles 
smaller than that. As a matter of fact the general trend of the sum- 
mation curves lends support to the contention that we are dealing 
with much smaller particles; we should choose the smallest size for 
the specific surface, and for this purpose particles corresponding 
to 10*^*^cm diameter seem quite appropriate. These can be deter- 
mined by interpolation from the mechanic^ analysis summation 
curve, which is supposed to originate at 10"' cm diameter, or about 
the size of molecules. In Table 13 are included values for specific 
surface obtained by taking the limiting size of particles as 10*3.5 cm. 
Results are recorded to the nearest square meter. 

Tabl« 19. Specific surface of soils by various methods 



.Sn. Aarfac'#* 

jnetArs per em.) 

Base equivalent 
(m.e./lOOzDi. soil 




■ 


C'aJcuJAtfrd 

Emp. 

rcifmulA 



Calculated 

Found 

2 

97 

38 

151 

238 

119 

108.8 

9 

46 

49 

194 

239 

116.S 

122.0 

4 

4 

5 

16 

28 

14 

12.6 

5 

4 

4 

16 

18 

9 

21.1 

a 

22 

25 

102 

72 

36 

99.2 

9 

12 

12 

98 

97 

18.5 

15.4 

10 

28 

26 

110 

9$ 

49 

99.6 

11 

26 

28 

111 

108 

54 

63.0 

12 

6 

6 

22 

12 

6 

11.0 

19 

97 

96 

160 

206 

109 

90.0 


It is evident that there is a vast difference between the values of 
specific surface calculated from particles of lO^^'^cm diameter as 
the lowest limit and those calculated from 10"^*^. The latter values 
are 3 to 4 times as great as the former. They are, however, more 
reliable in view of the fact that the summation curves do not end 
abruptly. 

There is yet another method of determining the specific surface, 
i.e., from the vapor-pressure curves. This will be discussed later. 
The values obtained by this method are, in some cases, even higher 
than those determined by mechanical analysis up to the limiting 


size of 10 


-6.3 


These values are included in Table 13. 


We have seen that the total surface exposed by soils Is enormous, 
far exceeding the highest value ever calculated before, which was 
only a fraction of a square meter per gram of soil. This was, of 
course, due to the fact that mechanical analysis was stopped at 
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0.002 mro, or 0.001 mm diameter at the most. The contribution of 
this size toward the total specific surface in soils is hardly more 
than 1 to 2 per cent. We can in fact completely ignore particles of 
0.002 mm diameter (our 5o*called clay) without making any appre- 
ciable difference in the specific surface. When it is remembered 
that this is the lowest size determined in mechanical analysis it is 
plain that we have not touched even the fringe of chemical reactivity. 

How that we have a fair idea of the total surface exposed in typi- 
cal soils, let us see the amount of active mass they contain. If the 
chemical reactivity of a soil is due to the ferroaluminosilicates, we 
can ascertain the mass of the silicate molecules constituting the 
entire surface of the soil acidoid as follows: 

If we assume two molecules of aluminum silicate linked with one 
molecule of water in a long chain, we shall have the diameter of the 
silicate complex equal to (0.23 X 2 + 0.345) X 10*7 cm, with the hy- 
drated part exposed on the surface, giving it the character of a di- 
basic acid. The number of active silicate molecules occupying a 
surface of one square meter in a monomolecular layer will be 

10^ - 10“ .1.54X1018 


(0.805 X 10-'^)2 0.648 X 10-14 


23 


The number of molecules In a gram molecule being 6.02 X 10^“^ we 


have 


1.54 X 10 


18 


a 0.25 X 10*^ gm. mols. 


6.02 X 10^^ 

of acidoid for every square meter of the surface. Since silicic acid 
Is dibasic, the surface acidity is equal to 0.5 X 10*5 gram equivalent 
per square meter of surface. Or, expressing the acidoid content In 
general terms, the active mass or surface reactivity of a soli is equal 
to (0.5 X 10*5 X 100 X 1000) S » 0.5S milliequivalentper 100 grams, 
where S is the specific surface In square meters per gram. 

The correctness of the above hypothesis can be easily tested by de- 
termining the specific surface of a set of soils and also finding their 
base equivalent from the titration curves, or by any other method 
previously outlined. Such values as those given in Table 13 leave 
no doubt that the basic idea underlying the theory is sound. The 
calculated values of base equivalent refer to specific surface cal- 
culated from moisture absorption at various humidities. As will be 
explained later, these are the most reliable values of specific sur- 
face, as in the other case the percentage of particles of 
diameter is determined by interpolations from the summation 
curves; and the values are not as reliable as in the case of moisture 
absorption. However, the two sets of values probably represent the 
limits within which the true value of specific surface lies, and the 
determined base equivalent values are in some cases nearer one 
than the other. 

The relation between active mass and specific surface is of gen- 
eral application. The only uncertainty lies in the diameter of the 
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silicate molecule, which is not likely to be greater than the value 
taken; the calculated values for base equivalent therefore are the 
least possible. For oriented long-chain molecules like stearic and 
palmitic acids, in which H ions alone maybe exposed to the surface 
the active mass per unit surface may be much more. We can work 
out the active mass as a percentage of the total weight as a function 
of the particle sise as follows. If we accept the formula of alumi- 
num silicate as LAl( 0 H) 3 ] 2 Si 205 , then its molecular weight is 258. 
In other words, one gram of the silicate complex will contain 1/258 
gram molecules. If S is the specific surface the active mass is 
(258 X 5 X 0.25 X 10“^ X 100)% of the total mass s (S X 64. 5 x 10*^) %. 

Now S » 0.02264 X ^ ^ sq. cm. or X sq. m. Thus 

the active mass in terms of the diameter of particles is ^ 

X 64.5 X 10"^ gram molecules per gram, or X 64.5 X10"’^gram 

molecules per gram. Thus the active mass corresponding to par- 
ticles of different sizes can be calculated; such values are given in 
Table 14. 


Table 14. Relation between site, specific surface and •active mass* in soils 


Sise 

pD* 

Sp. surface 
(Sd. meter per gm.) 

Active Mass 

per cent 

m. mols. per 100 gms. 

mtUiequlvalents 
per 100 gms. 

7 

2264 

146 (100) 

566 

1132 

6,75 

1260 

$1.5 

315 

630 

6.5 

704 

45.0 

176 

352 

6.25 

400 

25.0 

too 

200 

6.0 

226.4 

14.6 

56.5 

113.2 

5.75 

126 

8.15 

31.5 

63 

5.5 

70.4 

4.60 

17.6 

35J 

5.25 

40.0 

2.60 

10.00 

20.0 

5.0 

22.64 

1.45 

5.66 

11.32 

4.75 

12.6 

0.815 

1.76 

3,52 

4.5 

7.04 

0.450 

1.00 

2.0 

4.25 

4.0 

0.260 

0.565 

1.32 

4.0 

2.254 

0.146 

0.315 

0.63 

3.75 

1.26 

0.0515 

0.176 

0.352 

3.5 

0.704 

0.046 

0.100 

0.200 

3.25 

0.40 

0.0262 

0.0566 

0.1132 

3.0 

0.2264 

0.0146 

0.0315 

0.063 


*pD Is the negative index of diameter of particles In cenUmeters. 


It is remarkable that when the particle size Is of the order of 
10*" cm, the active masshas already reached 100%. This is easily 
understood when it is remembered that the size of the silicate com- 
plex has been assumed to be of the order of 0.805 X 10**^. Of course 
the calculated value of 146% for the active mass is fallacious and 
merely Indicates that the active mass becomes 100% before the 
particles are reduced to the monomolecuiar state. This Is not sur- 
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prising when it is remembered that we can have an aggregate M 
eight spheres in which each sphere will be exposed, giving 100% 
active mass. 

Xhe values in Table 14 (columns 1 and 2) can be plotted to give a 
smoothcurvefrom which any intermediate value can be interpolated. 
(Figure 25). 



PO 


Fig. 25. Relation between Diameter of Particles and Active Mass 
Colloidal Considerations 

Since the active mass in this case is given in percentages of the 
total mass, irrespective of the size of molecules, which in any case 
would make very little difference for ordinary molecules, these 
values are applicable to all colloidal solutions. It will be noticed 
that even coarse suspensions {diameter 0.01mm » pD 3) have an 
active mass which might be measured by ordinary analytical meth- 
ods. Thus if 100 grams of these particles (which would be classed 
as silt in soil nomenclature) were suspended in 100 cc of water the 
suspension would appear to be a 0.0146% solution of some weak 
electrolyte. This suspension will have a conductivity appreciably 
h^her than that of water; its reaction will be weakly acid and it 
will require approximately 0.66 cc of 0. IN alkali to neutralize that 
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acidity. This will be multiplied ten times in the case of particles 
of 0.001 mm diameter. Still such a suspension is regarded as 
coarse and outside the domain of colloidal solution; it may even 
precipitate in a day or two, depending upon the depth of the container. 
When we come to particles of 0.0001mm diameter we are really 
getting down to what is known as the colloidal state, but we have 
still a long way to go before entering the domain of molecular solu- 
tions. Already little over 0.6% of the substance is as good as In a 
molecular solution — a two-dimensional solution which has area, but 
no depth; but it must behave exactly like any other molecular solu- 
tion. U the substance is an acidoid or a basoid, it must give a 
measurable concentration of hydrogen and hydroxyl ions depending 
upon the dissociation constant. It must exhibit all the characteristic 
reactions of an acid or a base, not merely qualitatively but quanti- 
tatively, exactly as if that portion of the substance which constitutes 
the surface was in true molecular solution. 

Solubility and Insolubility are relative terms. A substance is 
soluble in water when Its molecules have so much attraction for 
water that it can overcome the cohesive forces that bind the parti- 
cles together. However, it is conceivable that we may be able to 
overcome these cohesive forces by some other means and reduce 
the substance to the molecular state. In that case the substance 
will be as good as in solution. We can also Imagine that even if It 
is difficult to reduce a substance to the molecular state It would 
not be at all difficult to stop short of that state, in which case only 
that portion of the substance will be in solution which is in contact 
with water molecules; i.e., that portion which constitutes the sur- 
face, which we have called the active mass, will be as much in true 
solution as any common molecular solution. If we accept this view, 
the entire range of colloid chemistry fails into natural alignment 
with classical chemistry and atomic theory: there is no necessity 
of introducing adsorption. We never talk of hydrochloric acid hav- 
ing adsorbed Na to give NaCl; nor do we call it a case of base ex- 
change when exchangeable H has been replaced by Na. We call It a 
straightforward chemical reaction, which takes place because the 
reacting substances are in molecular solution; that is the main cri- 
terion. 

Every colloidal substance presents an enormous surface in con- 
tact with water, which may be supposed to be in solution. This por- 
tion, *being in solution, is chemically reactive. We can thus replace 
the entire colloidal solution by that portion of it which constitutes 
the surface, or the active mass. 

It is true that every colloidal solution does not consist of acids 
and bases which can be easily determined; but irrespective of the 
nature of the salt, If we accept the view that the surface molecules 
are in true solution, most of the phenomena associated with colloidal 
solutions become conceivable. We have hitherto made the mistake 
of considering the colloidal solution as a whole. While this may be 
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all right in considering some of their physical properties, there is 
no justification for its introduction in the chemistry of colloids. 
Every colloidal solution can be replaced by a molecular solution of 
Its active mass; the need for adsorption, sorption, and chemisorption 
disappears, and we are face to face with the atoms and molecules 
of classical chemistry - familiar objects with their well established 
laws of chemical equilibrium. 

A colloidal solution should not be regarded as a heterogeneous 
system, but as a homogeneous, molecular solution of its surface 
molecules. For all practical purposes while considering Its chem* 
leal reactions we can disregard the molecules that do not constitute 
the surface, and which are not in contact with water. They consti- 
tute the inert mass, as opposed to the active mass. This inert mass 
Is not in equilibrium with the active mass. The relation between 
the two is not dynamic but static, and when a portion or all of the 
active mass has reacted, fresh surfaces are not exposed and no 
more of the inert mass Is rendered active. Therefore, for all prac* 
tical purposes it can be left out of account altogether, and any at- 
tempt to assign to It a high molecular weight only confuses the issue. 

For Instance, a colloidal solution of metallic silver will react 
with Cl to give silver chloride, but the reaction is confined only to 
the surface molecules. Now we can either find its specific surface 
and consequently its active mass and consider the reaction as taking 
place in stoichiometric proportions, or we can give the sliver par- 
ticles a hypothetical high molecular weight and consider the entire 
colloidal solution in bulk. The main difficulty in accepting the first 
view has been that it has not so far been possible to determine the 
total surface of colloidal particles with even a reasonable amount 
oi accuracy. This difficulty has at least been overcome in the case 
of soils, and the way has been cleared for a more rational view of 
the entire chemistry oi colloids. As a matter of fact colloid chem- 
istry is the chemistry of surface molecules, not because they have 
acquired some mysterious property called adsorption, but because 
there is nothing extraordinary about the common or garden” re- 
actions between molecules. These molecules need not necessarily 
constitute the surface of particles of colloidal dimensions: they may 
be long strands, or plates, they may stay in suspension or may 
settle quickly. The major criterion — indeed the only criterion —is 
that its surface should be large enough to give an appreciable and 
measurable mass of molecules constituting the surface. As long 
as this condition is satisfied, as soon as this substance comes in 
contact with water, its surface will give a molecular solution and 
will take part in all the chemical reactions of which its molecules 
are capable - no more and no less. 

It is convenient at this juncture to take some familiar examples 
of insoluble acids to prove the foregoing point. Stearic acid, for 
instance, is insoluble in water but dissolves in alcohol. We can, 
therefore, titrate an alcoholic solution; but when placed in water it 
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merely floats and does not combine with an alkali unless melted and 
thus reduced to the molecular state. It is completely insoluble in 
water, it has no surface, no active mass, and therefore does not 
combine with alkalies at ordinary temperature. If the acid is dis- 
solved in alcohol and the alcoholic solution Is dropped into a large 
excess of water in a thin stream while the liquid is violently agi- 
tated just underneath the nozzle, the precipitated stearic acid comes 
out in an extremely fine state of subdivision in which the size of 
particles is almost down to molecular dimensions. The precipitated 
acid is still insoluble in water. It does not form even a colloidal 
solution, but floats on the surface as a bulky mass which can be 
easily filtered, but retains a large amount of water in the inter- 
stices. It can be washed with water over a funnel without applying 
suction. ^ 

A portion of the wet acid titrated with Ba (OH) o solution gives a 
perfect titration curve with a well-defined inflection at the equiva- 
lent point, even though the acid is completely insoluble, as is its 
Ba salt (Figure 26). 
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Fig. 26. Forward and Back Titration Curves of Stearic Acid with Barium 

Hydroxide and Sulfuric Acid 

It can be titrated with Ba(OH)2 solution usir^ phenolphthaletn 
indicator. Every time it is found to have 100% active mass. The 
barium stearate formed can be back- titrated with sulphuric acid 
and yields a perfect back- titration curve. The precipitated BaS04 
can be separated quantitatively from the stearic acid which floats 
on the surface, whereas BaS04 settles out as a precipitate. The 
forward and backward titration of stearic acid with Ba(OH)2 and 
H2SO4 can be repeated ad infinitum without affecting the course of 
the titration curve or changing the molecular state of the stearic 
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acid. This stearic acid in the wet state can be kept almost indef- 
initely without reduction in its active mass; it can still be titrated 
with alkali like any other soluble acid in the presence of a suitable 
indicator or electrometrically. But if it is allowed to dry, the ac- 
tive mass drops from 100% to only 10%, when the moisture is re- 
duced from 98% to zero. Experiments with palmitic acid give al- 
most identical results. The relation between active mass and 
moisture content in the case of these two acids is shown In Fig- 
ure 27. 


Woifhiri ^ c«f<t 

Fig. 27. Relation between Moisture Content and Active Mass of Stearic and 

Palmitic Acid 

These results are extremely important in showing the part played 
by water in the development of intramolecular forces of cohesion. 
Coring the process of drying, as the water film recedes into minute 
capillaries and the radius of curvature becomes less and less, sur- 
face tension forces of greater and greater magnitude develop, with 
the result that the particles are drawn together by a negative pres- 
sure from the inside. It is remarkable that this negative pressure 
is of sufficient magnitude to draw the particles so close to one 
another that molecular forces of attraction come into play, and in- 
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tramolecular distances are so reduced that on subsequent wetting 
water molecules cannot get between them. ^ 

It might be mentioned, however, that the case of stearic and pal- 
mitlc acids is rather different in the sense that these fatty acids 
are not entirely wetted by water. When they are first precipitated 
in the molecular state, the contact angle Is zero, since naturally all 
the molecules are in contact with water. As the sample dries ag- 
pegates are formed, and even If the gaps thus created are much 
larger than molecular dimensions water may still not get into them 
Thus even if the acUve mass is there, it cannot come into play un^ 
less the solid- air interface is replaced by solid- liquid Interface. 

A case in point is that of uric acid, which can be wetted by water 
Though Insoluble, it is so constituted that water molecules can enter 
the interstices, which are of sufficient magnitude to enable them to 
do so. This acid, even though completely insoluble in water, can be 
titrated with Ba(OH) 2 i and gives a perfect titration curve in spite of 
the fact that Ba urate is also insoluble. When titrated In this man- 
ner the acid shows approximately 75% active mass, which rises to 
100% when the acid and alkali are shaken together for 24 hours. 
Maximum amount of active mass is only obtained when excess alkali 
is shaken with the acid and the amount of alkali unreacted Is filtered 
off and determined. It Is likely that fresh surfaces are exposed on 
prolonged shaking with strong alkali, which otherwise may not have 
been accessible. 


Silicic Acid and Alumina 

We shall nowconsider the case of silicic acid which is particularly 
Important in soils. An estimate of the active mass in freshly pre- 
cipitated silica will throw considerable light on the nature of soil 
acidoids. Silicic acid is prepared by the addition of dilute HCito 
sodium silicate, with rapid stirring. The gel is freed from salts 
by prolonged leaching with pure distilled water. During this process 
it is not allowed to dry. A portion of the wet sample is taken for 
titration while a similar portion is taken for moisture estimation by 
drying at 100 to llO^C. The wet sample is shaken with excess stand- 
ard Ba(OH )2 for varying lengths of lime, at the end of which the un- 
reacted portion of the Ba(OH )2 is determined. The amount of Ba (OH) 2 
taken up by a known weight of dry silicic acid gives the active mass 
of the sample. The results of this study are given in Table 15, and 
show that when moisture content stands at a level of several hundred 
per cent, drying the sample causes a reduction in its active mass. 

It was found that there is no effect of ageing on silica gel as such. 
Freshly precipitated silicic acid was kept for a month with large 
excess of water without any effect on its active mass, which re- 
mained 100%. It is only when the moisture is reduced below a cer- 
tain level that the effect of drying shows itself in a reduction in the 
active mass. It is interesting to note that the results are similar 
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to those obtained with stearic palmitic acid, and the phenomenon 
appears to be of universal application. 

Alumina behaves exactly like silica in this respect. It is pre- 
pared by the addition of aluminum sulphate to a sodium hydroxide 
solution with rapid stirring, followed by filtration and leaching of 
the resulting alumina gel. Its estimation Is also similar to that of 
silicic acid by reaction with excess of Ba(OH)2- It is true that Ba 
aluxninate has not been recognized as a possible salt of aluminic 
acid, but the fact of the matter is that this salt is actually formed 
In equivalent proportions with the active mass of aluminum hy- 
droxide. Since it is insoluble it has escaped recognition, and only 

Table 16. Relation between moisture content time of shaking and active 

mass of silicic acid. 


Time shaking 
(days) 


Active mass (oer cent) 

Moisture: 705% 

589% 

426% 1 

150% 

98% 

19% 

1 

61.5 

51.S 

61.5 I 

50.0 

10.2 

4.2 

2 

75.2 

61.5 


50.0 

10.2 

6.8 

4 

75.2 

66.2 




7.2 

6 


77.4 I 


BSl 


10.0 

10 

00.0 

77,4 

Btlrfl 

kSI 


10.0 

15 

90.0 

90.0 1 

90.0 

Ib 

75.2 

15.0 


33.39 cc alkali used per gm. of silica 1$ taken as 100% of active mass 


Table 16. Relation between moisture content time of shaking and active mass 

of alumina gel. 


Time of shaking 


Active mass Iner cent) 



9409% 

2148% 

733% 

450% 

266% 

150% , 

50% ' 

“22ir 

1 

100 

■ZB 

81.0 

60.0 

45.0 

30.0 ; 

15.3 

4.8 

2 

100 

■2B 

70.0 

70.2 

45.0 

30.0 

18.0 


4 

100 

mm 

8S.8 

72.2 

50.0 

30.0 

23.6 

15.4 

8 

100 


86.3 

72.2 

62.2 

45.0 



10 

100 


91.6 

83.3 

72.0 

45.0 

29.8 

19.3 

15 

100 


91.9 

92.0 

72.0 

46.6 

30.7 

23.5 


96.0 cc alkali used per gm. of AI2O3 Is taken as 100% active mass. 


sodium aluminate has been studied. It might be pointed out that 
active mass due to surface solubility of a substance can be found 
only by reaction with a substance if the end product is insoluble; 
otherwise there is danger of fresh surfaces being exposed and the 
reaction proceeding to the end. Results with alumina gel similar to 
those with silicic acid are given in Table 16. Thirty-six cc of normal 
alkali used per gram of AI2O3 is taken as 100% active mass. Like 
silica gel there is no effect of ageing on alumina as long as the 
sample is kept at the maximum moisture content. 
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It is clear from the foregoing that the behavior of both silica and 
alumina, two of the most important constituents of soils, is capable 
of a very simple explanation based on well known laws of chemical 
equivalence. It is significant that even with freshly precipitated 
gels, the theoretical amount (corresponding to 100% active mass) is 
never exceeded. The time of shaking or the concentration of Ba(OH)ii 
has some effect when the active mass is less than 100 due to ag- 
gregation. It is understood that the cohesive forces coming into 
play during the drying process will depend on the size of the capil- 
laries and the chance association of the particles. These cohesive 
forces would naturally vary at different stages of drying, and sur- 
faces that are not exposed might become so on shaking for varying 
lengths of time; or the actual physical penetration of the reacting 
solution in the minutest capillaries may be a slow process, as it is 
bound to be since this can take place only by diffusion of solvent 
from one place to another, through capillaries of molecular dimen- 
sions. 

It is, therefore, characteristic of all silicates and soils that their 
reaction with alkalies proceeds very slowly after the initial neu- 
tralization, which is very rapid. However, It is not necessary to 
call that portion of the acidoid which reacts slowly by any other 
name, for fundamentally it is in no way different from the portion 
that reacts instantaneously. The difference is purely due to the 
difficulty of mechanical accessibility of the acidoid to the alkali. 

In a freshly precipitated silicic acid, when the active mass is 
100% and the particles have not formed aggregates, the reaction 
with alkalies is instantaneous, as if the entire mass were in mo- 
lecular solution. The speed of reaction when silica, alumina or 
aluminum silicate has been dried must depend on the strength of 
the alkali. This is an inherent error in the determination of the 
titration curves of such substances. The titration curve must un- 
dergo a twist, for all parts may not refer to the same active mass. 
At higher concentrations of alkali some extra surfaces may be ex- 
posed which were not operative at lower concentrations. Indeed it 
is not certain that the entire mass may not react, provided the 
strength of the alkali is high enough and the time of shaking very 
long. It has been shown that a state of equilibrium in the case of 
soils is not reached even in three months. 

Thus we may be tempted to distinguish between the active mass 
that is in surface solution and the active mass that can be brought 
into solution on prolonged shaking. Such a distinction, however, 
could equally well be made between the portion of any substance 
actually in solution and the portion remainir^ in the solid state 
which could be brought into solution by prolonged shaking. It is the 
slow accessibility of the micro-capillaries to the reacting fluid 
which is the cause of slow rate of reaction. Or perhaps we might 
put it this way: it is the slow rate of diffusion of the alkali through 
the liquid in the minute capillaries between the aggregates that 
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causes this lime lag. For this reason, when the soil is completely 
dispersed by first converting it into a sodium saloid and then treat- 
ing with HCl to convert It Into the acidoid, the rate of reaction with 
alkalies is rendered almost instantaneous. It will be recalled that 
this technique Is recommended when studying the heat of neutraliza- 
tion of soil acidolds. 

His also to be remembered that In soils a portion of the alumino- 
silicate actually may go Into true solution the formation of alu- 
mlnates if a strong alkali like NaOH Is used. When this happens 
fresh surfaces will be exposed and more of the alkali may react. 



CHAPTER X 

EFFECT OF IGNITION ON SOIL ACIDOIDS 

Heating soils to a high temperature is known to destroy their 
colloidal properties. The exact temperature at which this may take 
place has been shown to vary from 300 to TOCKt, depending on the 
silica sesquioxlde ratio. If we regard the soil as hydrated ferro-* 
aluminosilicate, we can well imagine the change in its properties 
likely to be brought about by heating. It seems fairly certain that 
most of the outstanding colloidal properties of soil must be asso- 
ciated with the presence of water of hydration, and the primary ef- 
fect of heating must lie In the removal of this water. 

A number of physical properties like plasticity and cohesion, 
which may be due to the water of hydration, are likely to be de- 
stroyed completely when this water Is driven out. It is of interest 
to know how far the acidoid properties of the soil are affected by 
progressive heating, and what is the nature of the change that takes 
place in the ferroaluminosilicates. 

In order to avoid complications, the soils usedfor this study, un- 
less otherwise stated, were acid- treated and converted into acidoid. 
The following properties were studied before and after heating them 
to various temperatures: titration curves, base equivalent, reaction 
with ammonia, production of free alkali, destruction of humus and 
decomposition of calcium carbonate, and loss of weight on Ignition 
(dehydration). A black cotton soil containing 56% of clay was used 
for this study in the first instance. After converting it into the 
acidoid it was heated to different temperatures for 6 hours In an 
electric muffle furnace. Titration curves with NaOH were deter- 
mined with the glass electrode and T/2 and pK values were found 
from the titration curves, as explained previously. The titration 
curves are shown in Figure 28 and the pK values are elven in 
Table 17. 

It will be seen that the T/2 value is hardly affected by Ignition, 
though the values show rather large variations because of the diffi- 
culty of interpolation in the flat portion of the titration curves. The 
titration curves as well as the pH values show a considerable change 
on heating. Ignition seems to have the effect of making the soil 
acidoid weaker, its total quantity virtually remaining the same. 
Base equivalent was also determined by first converting into K 
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saloid and then displacing the Kby treatment with ammonium car- 
bonate* as well as by ammonia reaction (in the cold). These values 
are included in Table 17. Base equivalent as determined by these 
methods is not affected appreciably up to 400^. fenition above this 
temperature leads to a pr^ressive decrease, which is consistent 
with other changes that seem to take place when the soil is heated 
at a higher temperature. 


Table 17. Etfect of Ignition on soli acidoid 


Temperature 

i?C) 

PK 

Raae eouivaJwU fm.e./lOO sms. ol soil 

T/2 

NH3 reaction 

KCl leaching 
after KOH treatment 

9S 

5.07 

48.0 

64.4 

47.9 

225 

5.36 

39.0 

64.1 

46.1 

300 

5.62 

46.2 

59.9 

48.4 

400 

6.11 

41.4 

52.1 

49.1 

520 

6.20 

35.2 

61.0 

44.6 

610 

6.98 

41.7 

49.7 

41.8 

700 

7.54 


33.8 

33.9 

800 

7.84 




910 

8.69 






fig. 28. Titration Curves of P.C. 13 AT. Soil Heated to Various Temperatures 
Production of Free Alkali 

We have seen that the acldoid properties of soil are partly de- 
stroyed on heating. It appeared lexical to conclude from this that, 
if the soil acldoid were neutralized with a base and heated* part or 
all of the base might be released. This supposition appeared to 
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offer attractive possibilities of determinli^ the bases neutralizing 
a soil free from CaC 03 by igniting it. Sodium salold obtained by 
neutralizing a H soil to various pH values was ignited and the 
amount of alkali set free was determined. It was found that hardly 
any alkali which could be leached out was liberated as loi^ as the 
quantity did not exceed the T/2 value. 


s 

§ 

o 


rcM^£/»j$rM£ V. 

Fig. 29. Loss of Weight on Ignition of Natural Soils 

This result is very important, as it appears to give us an insight 
into the real mechanism of the destruction of the colloidal proper- 
ties of soil on ignition. If ignition merely resulted in dehydration 
and destruction of the acidoid property, then alkali would neces- 
sarily be set free. If, on the other hand, ignition caused a fusion of 
the smaller particles into larger aggregates, than no alkali would be 
liberated. The latter view is confirmed by the fact that if a soil 
containing sodium or calcium saloid is ignited, all of the base be- 
comes fixed in the non- replaceable form and cannot be replaced 
when shaken with a neutral salt. The progressive increase in the 
pH value of a* H soil on heating also leads to the same conclusion. 
It must be understood that a soil, on drying, can form water-stable 
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aggregates, but these aggregates can always 

^vldual particles by mechanical or ^‘^Senr^^ 

IgniUon, on the other hand, causes the 

negates that cannot be resolved by Physicochemical treatment^ 
Clo the smaller particles originally present. These 
in all respects similar to larger parUcles and correspond in prop 
erties to silt fractions in natural soils. 



Fl^. 90. Loss of Weight on Ignition of Acid^Trested Soils 


Destruction of Humus and Decomposition of CaCOj ^ 

Destruction of humus and the decomposition of CaC03 are two of 
the most important changes intimately associated with the Ignition 
of soils, though not directly concerned with its colloidal properties. 
The tot^ loss of weight accompanying the ignition of soils is made 
up of the following factors: dehydration, destruction of the organic 
matter or humus, and decomposition of CaC03. 

In order to determine the magnitude of each factor, a number of 
soils were heated to different temperatures in the natural state, 
after acid treatment (destruction of CaCOs), and after treatment with 
alkaline permanganate (destruction of humus). The progressive loss 
of weight against the temperature of heating is shown in Figures 29, 
30 and 31, respectively. 
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The curves for various soils show a remarkable similarity. The 
curve for the decomposition of calcium carbonate alone Is also 
shown in Figure 31. Humus is completely consumed at 400^C. The 





Fie* 31. Loss of Weight on Ignition ol Humus- Free Soils* 

major portion of the loss in weight on heating is confined to tern* 
peratures below 300%. Calcium carbonate, on the other hand, is 
hardly decomposed at this temperature and at 600^C its decomposi- 
tion is practically complete. 


CHAPTER XI 


ACID SOILS IN NATURE 


A discussion of the properUes and chemical reactions of soil 
acidolds cannot be closed without reference to acid or sour sous. 
These soils have been known to farmers from time 
Intelligent farmers even discovered the use of lime to coimterMt 
8oU sourness long before they knew anything of the reaction In- 
volved. The soil scientists who followed In their wake fared no 
better. A number of empirical methods of finding lime 
ments of soU came into existence, which have been briefly touched 
upon in an earlier chapter. Since the addlUon of excess 
had no adverse effect, and since even the smallest amount added to 
a sour soil had a beneficial effect, the efficacy or otherwise of the 
method was never found out and rarely questioned. 

The followingfundamental facts emerge from astudy of the forma- 
tion and chemical reactions of soil acidolds, which have a bearing 

on sour soils. ^ j 

(1) Salolds of soil acidolds are weak and easily hydrolyzed in 
water - much more easily up to the limit of the first hydrogen. In 
nature this hydrolysis is aided by the COo In rain water, which can 
bring about the complete transformation of the saloidsinto acidolds. 
Soil acidolds therefore are characteristic of humid regions where 


rainfall is heavy. 

(2) Plants cannot thrive in acidolds, which must be neutralized 
with bases and converted into saloids. The limit of this neutraliza- 
tion must be the first hydrogen of the dibasic acidold. This will 
correspond approximately to a pH value of 7 when it is a Ca saloid, 
a little less with Mg saloid, and as much as 8.$ to 9 with Na saloid. 
The pH value of a natural soU represents a single point on its titra- 
tion curve as a result of the dynamic equilibrium between natural 
agencies which bring about the removal of bases as well as their 


restoration. 

(3) When the depletion of the bases or the conversion of the saloid 
into the acidold has gone beyond a certain limit, the plants begin to 
suffer until a stage is reached at which the formation of the acidoid 
is nearly complete, when it is unable to support any vegetation. 
Within this rai^e of partial depletion some plants can thrive better 
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than others. Therefore as the soil is gradually depleted, botanical 
floraundergo profound changes, until all plants except those special- 
ly adapted to thrive in an acid medium are eliminated. 

(4) A barren acidoid soil, when gradually revived by the addition 
of lime, undergoes a similar change in the reverse Erection, and 
therefore the limit to which it should be neutralized must depend 
on the type of crop intended to be grown on it. For most crops the 



Fig. 32. Yield of Green Fodder with Increasing Doses of Lime 

point of neutrality, i.e., pH 7, is the best This limit need never be 
exceeded, though in some cases a smaller quantity of lime and the 
attainment of a lower pH value will be good enough. 

(5) Not only will the optimum dose of lime depend on the nature 
of the crop, but also the type of additional manure to be used with llni* 
ing. This is well illustrated by the results of an actual field ex* 
perlment conducted by the author in which an acid soil was gradual- 
ly neutralized with lime to the extent of normal salold formation. 
From the results of crop yield plotted in Figure 32 it is quite clear 
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that lime requirement i$ not exceeded beyond the neutralization of 
the first hydrogen; but what is more remarkable is the fact that in 
the presence of ammonium sulphate and bone or mustard cake the 
nuantity of Ume required is much less than even the base equiva- 
lent up to the neutralization of the first hydrogen. Another point 
worthy of note is that there is a distinct fall in crop yield when the 
amount of lime added exceeds a certain limit. This is an important 
point which is well worth further study. 


It would appear from the foregoing discussion that the lime re- 
quirement of a soil is not a fundamental single value constant like 
its base equivalent, but must vary with the nature of the crop and of 
the manure. In the absence of other manures lime alone is quite 
inadequate to give anything except a bare apology for some vegeta- 
tive growth, and the presence of other substances has a profound 
Influence in modifying or accentuating the influence of lime. 


It must be remembered that soil acidoid and its various saloids 
would be classed as weak electrolytes, feebly ionized. The relative 
Influence on these saloids of strong electrolytes present In artificial 
manures must be great. All the trace elements, for instance, 
which are so important for healthy normal growth of plants and 
the lack of which sometimes proves disastrous, are likely to be 
affected profoundly by the presence of Inorganic salts in artificial 
manure. This may be one of the reasons why fields supplied with 
artificial manures year after year sometimes give lower and lower 
crop yields. So far no attempt has been made to study the changes 
that might be brought about in the equilibrium between soil acidoid- 
saloids by the introduction of inorganic salts commonly present in 
manures, except In the light of the imperfectly understood base 
exchange. Once the principles involved in these reactions have been 
grasped we shall have no difficulty in predicting what is likely to 
happen chemically when a manure is added to the soil, Irrespective 
of what nutrients it is likely to supply to the plant. 

With our imperfect knowledge of the chemistry of the soil, the 
tendency has been to Ignore the soil altogether and rely more and 
more on quick tests, on estimates or on experience to decide what 
manure should be added. It has been supposed that a manure can 
do no harm, and that If too little is added, the Improvement in crop 
yield may not be very great, but it will still be appreciable. Thus 
there is a wide latitude in which to play about with field methods and 
quick tests. But this is hardly a scientific method of approach. 

From a study of the influence of exchangeable ions In soil colloids 
on bacterial activity and plant growth, the author in collaboration 
with Joshi* learned the following facts: 

(1) Cultures of bacteria on plants did not thrive when introduced 
In soil acidoid. 

(2) When the first hydrogen of the dibasic acidoid was neutralized 
with a base, bacteria as well as plants could survive in it. 
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(3) Nitrification^ nltr<^en fixation, and plant growth are inhibited 
the presence of free acldoid. Ammonificatlon, however, appears 
proceed normally in such soils. 

(4) There is no evidence that sodium saloid, which is the main 
constituent of alkali soils, is directly toxic to plants. The toxicity 
of these saloids is mainly due to the adverse physical conditions set 
up by this saloid. 


CHAPTER Xn 
CALCIUM SALOmS 

Calcium saloldsforrabyfarthe largest proportion of ^ricultur^ 
lands all over the world. Calcium is so important from the point of 
view of crop growth that all good agricultural soils may be said to 
consist of calcium saloids. A calcium salold can be formed (a) by 
the action of lime on soil acidoid; (b) by the action of CaCOg on soil 
acldoid: (c) by exhaustive leaching of acidoid or any other saloid 
with a soluble calcium salt. In the first method the acidoid can be 
completely neutralized; in the second, mono-acid salold will be 
formed in the cold and the normal salold on heating; in the third, 
the amount of salold formed will depend on the nature of the cal- 
cium salt used for leaching and the extent of neutralisation of the 
acidoid. This point will be dealt with in greater deUil later. 

Soils containing calcium saloids generally have a good tilth and 
are sufficiently porous to allow the free passage of water and air. 
Aeration for plant roots is as important as breathing for human 
beit^s and animals. Unless grown in porous soils, in which free 
circulation of air can take place, plants would die of suffocation. 
Rice and certain other aquatic plants can somehow make use of the 
air dissolved in the irrigation water; but for ordinary agricultural 
crops root aeration is ^solutely necessary. Clods of soils con- 
taining calcium saloid are easily broken when slightly moist, and 
less energy is expended in ploughing and opening up such soils. 
These soils generally remain in good tilth. It is difficult to define 
good tilth , but the farmer knows quite well what is meant by it. It 
is due to a combination of factors, not the least important of which 
is the nature of the saloid it contains. 

A Ca saloid when shaken with water settles quickly; if water is 
poured on It, it is absorbed quickly and the soil lump disintegrates 
(but does not disperse). Water channels made in a soil containing 
Ca saloids cause much loss of water due to seepage. CaC03 some- 
times accumulates in soils to the extent of as much as 30 to 40% 
giving them a calcareous character. Such soils, of course, always 
contain the maximum amount of Ca saloid, and always maintain an 
excellent tilth. The cultivation of such soils is the easiest, as they 
offer the least resistance to the movement of the plow. The forma- 
tion of calcareous soils is largely due to the shells of snails and 
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otoer small animals that can accumulate calcium carbonate arouiid 
their boches; such soils are generally aJluviaL l.e., they have been 
transported and deposited by water. 

Estimation of Calcium in a Calcium Saloid 

^ saloid is exactly like its estimation in a 
soluble Ca salt. Any one of the following methods can be used. 

method.* When Na2C03 is added to Ca-H saloid, all the 
ca is precipitated as carbonate and an equivalent amount of Na 
saloid IS formed. At the same Ume the Ca-H saloid is further 
neutralised with the formation of normal Na saloid, and an equiva- 

Ik” ^ which immediately combines with 

the NaCOa to give bicarbonate. In the end we are left with a mixture 
of sodium carbonate and bicarbonate. These can be estimated in the 
presence of each other. The decrease in the concentration of CO«» 
1^ solution is taken as equivalent to the Ca in the Ca 

saloid. The bicarbonate found is of course equivalent to the acidoid. 
Thus in extreme cases if no Ca saloid is present there will be no 
decrease in the concentration of toUI CO2 in the carbonate, and If 
no acidoid is present, there will be no bicarbonate formed. Obvious- 
ly the method is applicable in the presence of excess of CaCOo. 
Humus, on the other hand, interferes in this estimation, as the car- 
bonate solution on shaking is dark colored and cannot be titrated in 
the presence of indicators. However, if the reaction is carried out 
at 0 C no humus comes In solution. 

. Potassium oxal a te-ac eute- carbonate method. * This method is 
based on the principle that the Ca in a Ca saloid is quanUtaUvely 
precipitated as oxalate on the addition of K oxalate. The use of K 
acetate facilitates the formulation of granular Ca oxalate and 
renders the precipitation rapid. K carbonate Is used to make the 
CaC03 in the soil completely insoluble, so that it is not reacted by 
the oxalate. In place of K oxalate, acetate and carbonate, ammonium 
oxalate, aceute and carbonate can be used. This has the advantage 
that Na, K and Mg salolds, if present, are brought into soluUon and 

evaporating and igniting the ammonium salts. 
The application of the above well known analytical metnods to the 
estimation of Ca in Ca saioids leads one to the irresistible conclu- 
sion that the so-called exchangeable Ca in soils exists in chemical 
combination with the alumino- silicates, and that all exchangeable 
bases must be regarded as saioids possessing all the properties of 
weak electrolytes. As opposed to the above simple treatment 
methods, a number of methods for estimating exchangeable Ca have 
been suggested. These rely on the principle that the Ca saloid can 
be converted into any other saloid by exhaustively leaching it with 
a neutral or hydrolysed salt. The displaced Ca is esUmated in the 
leachate by the usual analytical methods. 

In order to show that the esUmation of Ca in calcium saloid is 
capable of being raised to the status of an exact analytical method 

•Both methods are described In detail in Sc it Set.. 42:47 <1236). 
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which can be carried out in a variety of ways, a number of soils 
were examined by the following methods: 

fa) NaCl method: Ten grams of soil is leached with \OQOcc oi 


0.2N NaCl In 100-cc lots, followed by another 1000 cc leaching m the 
same way. Ca is determined in the two leachates separately, an 
the difference between the two is taken as equivalent to Ca in the 

^^(b) KCl method : Exactly like (a), but 0.2N KCl is used instead of 

^ (c) Ammonium acetate method: Ten grams of soil is leached wi^ 
liter of N ammonium acetate in 100-cclots; Cais determined in 
an aliquot of the leachate. This method is used for carbonate- free 

^°(d) Nh I cI method : Ten grams of soil is leached with 1 liter of 
normal NH4CI in lOO-cc lots; Ca is determined in the leachate. This 
method is used for carbonate-free soils only. 

(e) (NHa l^ CO ^ method: Ten grams of soil is leached with 500 cc 

of normal (NH4)2C03. Total ammonia taken up by the soil minus 
the exchangeable Na, KandMg in the leachate is taken as equivalent 
to Ca in the Ca salold. 

(f) Na^ CO ^ -NaCI method; Ten grams of soil is shaken for two 

hours with 200 cc of O.IN Na2C03 solution in N NaCl. An aliquot of 
the filtrate is titrated with standard acid, using first phenolphthalein 
and then methyl orange as indicator. The decrease in the concen- 
tration of CO2 ion is taken as equivalent to exchangeable Ca. 

(g) K^COq -KCI method: ExacUy like (f), but K salts are used In- 
stead of Na salts. 

(h) K oxalate -acetate -carbonate method: Ten grams of soil is 
shaken occasionally by the hand in a stoppered bottle with 100 cc of 
a solution N with respect to K acetate, O.IN with respect to K oxalate, 
and 0.015N with respect to K2CO3, filtered, and 50 cc of the filtrate 
titrated with O.IN KMn04. The total decrease in the concentration 
of oxalate ion is equivalent to Ca in the Ca saloid. If the room tem- 
perature is high, the suspension should be cooled to lO'^C. 

(1) K oxalate-chloride- carbonate method: Exactly like (h) except 
that KCl is used in place of K acetate. 

(j) Ammonium oxalate -acetate -carbonate method: Exactly as in 
method (h) except that the solution used is O.IN with respect to am- 
monium oxalate, 0.5N with respect to ammonium acetate, and 0.25N 
with respect to ammonium carbonate. 

(k) Ammonium oxalate -acetate method: Exactly like (j) but with- 
out (NH4)2C03. This method is used for carbonate-free soils only. 

The results of this comparison are given in Tables 13 and 19. The 
various methods show a good agreement considering the inaccuracy 
of leaching methods. 

The methods discussed in the foregoing obviously are not appltca- 
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ble to soils containing gypsum, which must be removed or rendered 
insoluble before they can be applied. A technique was developed by 
which all the CaS04 is converted into CaC03. Briefly, this method 
consists in shakli^ the soil suspension with excess of BaCOs, when 
the reacUon CaS04 BaCOs — ►CaC03 + BaS04 takes place. The 
excess BaC03 as well as the products of reaction are all Insoluble 

Table 16. Ca Salold In Calcareous soils by various methods 


Soil 

No. 

Icaca, 

CUy 


Ca saloid Dcr 100 am. soil 


Iwa.Kl 

s 

• 

pH 

RSa 

tml 

(A) 

(6) 

(E) 

(F) 

(G) 

(K) 






m.o. 


m.a.' 

m.e. 



m.e. 



1 

se.o 

11.3 

6.4 

S.l 

3.9 

6.3 

4.6 

7.8 

4.1 

' 6.4 

0.4 

WB 

6.41 

2 

4.9 

69.3 

47.9 

47.9 

49.9 

62.3 

85.7 

49.6 

46.2 

1 46.0 

2.3 

10.0 

6.21 

4 

0.8 

16.2 

9.1 

6.2 

7.0 

6.4 

8.4 

9.0 

7.4 

1 6.4 

0.4 

0.6 

6.55 

S 

1.6 

12.3 

7.0 

6.0 

6.1 

6.3 

8.4 

9.1 

6.6 

8.6 

0.2 

1.0 

0.77 

7 

6.6 

21.6 

3.0 

0 

1.4 

1.9 

3.4 

3.9 

2.2 

2.0 

9.2 

5.8 

9.56 

6 

0.6 

26.2, 

16.3 

16.7 

16.9 

16.3 

19.6 

21.2 

19.0 

19.0 


2.0 

8.41 

10 

1.0 

35.6 

20.7 

19.2 

19.2 

23.5 

23.2 

25.5 

22.6 

22.0 


3.3 

6.71 

U 

2.3 

32.6 

23.1 

22.2 

21.4 

25.9 

27.6 

26.1 

26.d 

26.4 

1 0.6 

4.6 

0.77 

13 

1.6 

56.9 

46.3 

49.2 

53.8 

65.3 

54.6 

55.6 

50.6 

51.0 


5.5 

6.53 

16 

2.2 

7.3 

3.6 

3.6 

4.1 

2.9 

3.6 

5.6 

4.4 

5.6 

in 

2.9 

8.74 

17 


14.2 

9.0 

7.6 

7.8 

7.8 


6.6 

7,2 


1 


ft 

19 

1.2 

42.4 

16.4 

16.8 

19.5 

18.1 


19.0 

1 • •• 
17.2 

16.0 

Wt/tM 

3.0 


21 

3.3 

13.6 

7.0 

8.6 


8.1 

111.4 1 

12.0 

9.0 


1 1 


1 8.25 


l^ble 19. Calcium saloid in carbonate-free soils by various methods. 


Soil 

No. 

pH 

Clay 


Ca saloid per 100 szn. 

soil 


NfttK 

Mff. 

(C) 

iO) 

(F) 1 

(H) 

(I) 

(J) 

(K) 

per cent 

m.e. 

1 m.e. 


xn.e. 

m.e. 

m.e. 


m.e. 

m.e. 

-3 , 

7.64 

62.3 

SS.8 

60.8 

$3.2 

66.8 1 

63.4 

61.4 

59.6 

1.1 

12.4 

6 

S.29 

26.4 

6.1 

4.9 

0.6 

6.3 1 

3.8 

4.2 

6.4 

0.3 

1.6 

9 

5.76 

21.6 

3.8 

4.4 

0.6 


1.3 

2.a 

4.6 

0.9 

0.8 

12 

5.64 

3.8 

3.6 

3.9 



0 

2.2 

3.2 

0.7 

1.6 

14 

5.37 

22.3 

2.6 1 


5.7 


6.0 

6.4 

6.0 

0.1 

0.6 

15 

7.71 

21.9 



12.0 

12.0 

6.6 

6.6 


0.1 

0.9 

16 

5.79 

22.2 

4.1 



4.0 

2.2 


.5.6 



20 

5.64 

6.5 

3.1 

4.8 

4.6 

2.3 


0.2 

2.2 

0.1 

1.2 

22 

6.65 

15.2 

7.8 

6.1 

8.2 

8.5 



6.5 



23 

7.41 

11.3 

8.2 

9.0 

5.6 

8.4 

6.5 


9.0 




in the medium in which the final precipitation of the Ca in the saloid 
is effected, and therefore do not affect the results. 

If the soil contains sulphates of alkali metals besides CaS04, 
these must be removed by leaching with alcohol (rectified spirit), 
before the soil Is shaken with BaC03. The reason for this precau- 
tion is that alkali sulphates can react with BaC03 to give BaS04 
and alkali carbonates, and the latter can react with Ca saloid and 
precipitate Ca as CaC03; therefore, at the end of the first reaction, 
some of the Ca in the Ca saloid will be removed alor^ with CaS04. 
Leaching with alcohol leaves the soil in a friable state on dryir^, 
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and it can be detached easily from the filter paper for the deter- 

” «amp?e of S^^JacUcal application of these methods toe 

analyses are recorded of certain soUs from ^tod (Pakistan) w 

Snined for CaCl2 and alkalisalts. (b) The alcohol-leachedsoll wm 
shaken with 50 cc of water and 1 gm of BaCOs and then exam 
Ca in the salold. (c) The alcohol- leaded soil A^^ave 

saloidwithout being shaken with BaCOs- (a) gave CaCl2» (c g 
CaS 04 ; and (b) gave Ca In Ca salold. 


Table 20. Various forms of Ca In Sind soils 


Soil 

No. 

Soluble s^iis 
(%) 

Ca in various forms 

1 (m.e./lOO gm. soil) 

Ca Saloid 

CaS04 

CaClj 

1 

18.2 

3.2 

5.2 

28.4 

3 

15.8 

5.2 

2.4 

29.8 

4 

29.2 

4.5 

30.5 

19.5 

7 

23.0 

4.6 

23.5 

25.8 

s 

10.7 

0 

15.5 

3.5 

9 

2.2 

7.0 

9.4 

7.0 

10 

57.4 

2.2 

32.0 

7.0 

12 

13.3 

5.4 

2.8 

30.0 


These results bring outclearly the characteristic 
soils. It will be seen that a number of soils, ^^ugh ';^talntag 
large amount of water-soluble Ca, have very little Ca salold. This 
is, of course, due to a very large excess of Na salts. 

The fact that NaCO. can lead to the complete precipitaUon of Ca 
in toe Ca salold throws an interesting sidelight on toe cause of 
barrenness in alkali soUs. It is not Improbable that plants 
to grow in such soils on account of Ca deficiency, no doubt brought 
about by the NaCOs which is invariably present in them. 


CHAPTER Xm 
SODIUM SALOmS 

Rainfall has a profound influence on soils. A high rainfall leads 
to the formation of soil acidoids, and in regions of medium rainfall 
Ca saioids are the general rule. The third important group of soils, 
namely those containing Na saioids, are found in arid or semi-arid 
regions. There are thousands of acres of such soils scattered all 
over the tropical countries. 

Sodium saloid of the soil can be easily prepared by neutralising 
the acldold with NaOH or Na 2 C 03 . The latter can also be used for 
converting a Ca saloid into a Na saloid. It can also be prepared by 
leaching any saloid with a solution of a Ka salt. That is how most 
of the Na saioids In nature are supposed to have been formed, 
namely, by the action of sea water rich in Na salts. 

Soils containing Na saioids are highly alkaline, i.e. , their pH value 
is high and may go up to 10.5. These soils when shaken with water 
remain in suspension for days; and when water is poured over them 
It may stay there without being absorbed. When dry, Na saioids are 
hard, like stone, and no plough can break them. Even blasting with 
dynamite has been tried to break them open, but with only indiffer- 
ent success. 

Soils containing Na saioids are naturally barren, for water can- 
not move Into them, air cannot pass through them, roots cannot 
penetrate them, and therefore no plant can grow in them. In tropical 
countries (such as Western Pakistan) there are miles and miles of 
such lands, without a blade of grass on them, where one could com- 
fortably drive a car at 50 miles per hour. If one were riding a 
horse, the hoofs would give a metallic ring as if on a stone pave- 
ment. 

The presence of Na saloid in a soil has a profound influence on 
crop growth, and for all such soils It is a matter of considerable 
importance to know how much sodium saloid they contain. This 
can be done by one of the following methods: 

(a) Shake the soil with Ca or Ba hydroxide solution. When the Na 
saloid Is converted into Ca saloid, the displaced Na appears as hy- 
droxide. An aliquot of the filtrate when treated with ammonium 
carbonate precipitates Ca or Ba, leaving Na 2 C 03 in solution, which 
Is equivalent to the Nainthe sodium saloid and is easily determined 
in the filtrate. 
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(b\ Shake the soil with ammonium carbonate solution; when am- 
monium saloid is produced all the displaced Na appears as Na^C 3 
in solution, which is evaporated to dryness and ^ 

0O3, which is equivalent to the Na in the saloid, Is deter m 

bv tltraUon with standard acid, .. 

^Tf the soil contains humus, method (a) is more suitable, i 
other cases method (b) is more convenient. Both give the same r - 
suits, so it is not necessary to specify the method when 
the results. Ammonium carbonate method is applicable In ® 
nf soils even In the presence of soluble Na salts. The B a (OH) 2 
method is not applicable when the soil contains ‘ .1 

Of course Na saloid can be determined by leaching with ^ 
salt and estimating Na in the leachate, but the analyUcal 
of Uumating Na. as well as the error due to the presence of Na 
salts, make this procedure extremely tedious. 

HAffree of Alkalization . . . 

"With the help of the simple methods of estimating Na saloid, 
which is the main cause of infertility In alkaline soils, we 
termine the influence of this saloid on crop yield in areas char- 
acterized by such soils. For this purpose it is convenient to make 
use of the ratio called the degree of alkalization (D.A.), which may 
be defined as the ratio of the amount of Na and K 
the soil M to the maximum amount of monovalent salolds the sou 
is capable of forming by exhaustive treatment with a neutral salt of 

Na or K W), or: 

lOOr) 

D. A. 

A word about the inclusion of K in the degree of 7^^^® 

is purely a matter of convenience. The properties of K 
not similar to those of Na saloid, but the amount of K saloid in an 
alkali soil is generally so small that its separate estimation would 
make the method unnecessarily tedious without any 
advantage. It is also more convenient to use a K salt 
with a neutral salt. This makes no difference in the ^esulte, buUf 
humus Is present the leachate with NaCl is dark-colored and leach- 
ing is slow and difficult. The ouUine of the method of estimating 

^ Ten grams of the soil is shaken with 100 cc of 0.2NWH4)2C03 

for about two hours. Occasional shaking by hand is 

essary. It is then filtered through a Buchner funnel with the tllter 

paper stuck to it with wax and leached with another 100 cc of Ihe 

same solution. The filtrate is evaporated to dryness and 

of Na and K carbonate, equivalent to the Na and K saloidsinthe 

soil, is determined by titration. This gives 

soil on the Buchner funnel is then leached with 200 cc of 0.2NKC1 
solution in 50 cc lots. The leachate is discarded. The soil is again 
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leached with 200 cc of 0.2N (NH 4 ) 2 C 03 in 50cc lots and the dis- 
placed K 2 CO 2 determined in the leachate exactly as before by evap- 
orating it to^yness. This gives us the value of ff. From the values 
of (n) and (^), the D. A. is calculated. 

A number of alkaline-soil samples from fields on which reclama- 
tion experiments were being carried out were examined according 
to the method described in the foregoing. The object was to ascer- 
tain whether cultural treatment and crop yields were reflected in the 
(D. A.) values for the various soils. The number of soil samples 
examined is small, but is sufficient to illustrate the profound in- 
fluence of this factor on crop yield. 

The results given in Table 21 Indicate the usefulness of the (D. A.) 
values in characterizing alkali soils. 


Table 21. Degree of elkallaatton S yield of wheat grain In gala 8hah| Kaku soils 


Soil 

No. 

Tr oaten 6ft t 

n 

(m.e. %) 

N 

(m.e. %) 

D.A. 

(%) 

yield 

(lbs. per acre) 

1 

Control 

7.74 

10.51 

73.6 

123 

2 

CaCl2 d 2 tons p.a. 

2.92 

10.10 

28.9 

693 

3 

Control 

6.17 

10.66 

76.6 

406 

4 

CaSO^ 2 tons p.a. 

6.03 

10.46 

57.6 

496 

6 

Control 

7.90 

10.36 

76.6 

166 

6 

Control 

6.00 

9.60 

61.6 

214 

7 

CaCl2 § 1.5 tons p.a. 

3.40 

8.14 

; 41.6 

667 

6 

Control 

5.00 

9.05 

55.2 

616 

9 

CaS04 $ 1.5 tons p.a. 

3.24 

6.76 

36.9 

798 

iO 

Control 

4.00 

6.00 

50.0 

687 

11 

Flooding & washing 

1.37 

6.37 

16.4 

1,036 

12 

Control 

2.60 

6.67 

32.3 

770 

13 

CaCl2 d i ien p.a. 

2.30 

6.47 

27.2 

737 

14 

Control 

2.72 

6.62 

31.6 

626 

15 

Ca804 @ 1 ton p.a. 

3.23 

8.86 

36.4 1 

867 

16 

Control 

: 3.23 1 

8.57 

37.7 1 

1,019 

17 

Flooding & washing 

3.10 1 

8.16 

; 36.0 

1,081 


In almost all cases the reclamation of an alkali soil has brought 
about a marked reduction in the degree of alkalization. There is 
also a significant correlation between crop yield and (D. A.) value 
of different soils, as illustrated in Figure 83. The actual correlation 
coefficient between the two sets of values worked out to be -0.85 
for both Kala Shah Kaku and Montgomery soils when treated sep- 
arately, and -0.76 for the whole series. It will be seen that In Kala 
Shah Kaku soils a higher degree of alkalization has been tolerated 
than in Mon^omery soils. This is due to some obscure cause 
which may become apparent when similar studies are extended to 
other areas. 

Another source from which data were obtained consisted of the 
records maintained for revenue purposes. Two large wheat-growing 
areas were selected. In this case, Instead of the degree of alkaliza- 
tion being determined, the pH values of the soils were obtained, 
since the pH value increases with the increase in the degree of 
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alkalization. No actual The correlation 

taken from the farmers or . * value was found to be 

coefficient between ^e merely to 

0.51, which was ^ fe^if leant. These r i^ 
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Degree of Alkallsatlnn 

Fig. 33. Relation between D.A. and Yield of Wheat 

A further confirmation of these indications was afforded by the 
examination of the rice soils in certain areas. In this case also a 
significant correlaUon was found to exist between the yield of rice 
and the pH value: the higher the pH value, the lower the Vjeld of 
rice. It was noted that average yield begins to go down when the pH 
values increase beyond 8.5. The importance of pH value in the 
studies of the saloids must be emphasized. We can have a mixture 
of Na-Ca saloids with a pH value below 8.5. Such a soil will not 
depress the crop yield. Therefore, a certain amount of tolerance 
for Na saloid by crops is indicated. It is only when this limit of 
tolerance is exceeded that crop yield begins to decrease. This ap- 
parently happens when the pH value is higher than 8.5. 
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Soil Alkalinity and Reclamation 

Since Na saloid is the Umitlr^ factor as regards crop yield In 
alkaline soils, the reclamation of such soils must Involve the con- 
version of Na saloid to Ca saloid. The simplest method of accom- 
plishing this would appear to be leachii^ it with a Ca salt. The 
cheapest Ca salt and the one most extensively used for the purpose 
is CaSO^. The chemical reaction that takes place is 

Na saloid + CaS04 — » Ca saloid + Na2S04 

The NaS04 thus formed is leached downward and drained away. As 
the Ca saloid forms at the surface and then gradually moves down- 
ward, the vegeUtion begins to take root, of which common grass is 
the appear. The roots of the grass open up the soil as they 

grow. The roots of plants also give out carbonic acid, which 
further helps to neutralise the alkalinity. If the pH value of the soil 
was as high as 10.5, itwould drop to as low as 9 near the roots, and 
at that stage a rice crop could be sown. Once a rice crop Is estab- 
lished, further process of reclamation is accelerated. 

This is a brief outline of the method of reclamation. We shall 
now take up the scientific principles involved in the conversion of 
the Na saloid into Ca saloid and vice versa . The problem is not 
merely the reclamaUon of alkaline soils, but also prevention of the 
formation of Na saloid in areas where artificial Irrigation is prac- 
ticed and the waters contain appreciable amounts of Na salts which 
gradually lead to the formation of Na saloid. 

From a consideration of the reactions involved in the system Na 
salts -Ca salts-Na-Ca saloids, it seemed probably on the face of it 
that for every concentration of Na Ions in solution there must be a 
corresponding concentration of Ca ions which would prevent the 
formation of Na saloid. If such were the case it follows that the 
addition of Ca salts to the irrigation water would prevent the forma- 
tion of Na saloid. This would be of considerable importance both in 
controlling the deterioration and in the reclamation of land in which 
Na saloid had accumulated. From a further consideration of the 
system Na-Ca salts -Na-Ca saloids, itwould also appear that for 
each ratio of the latter there must be an equilibrium concentration 
of Na-Ca ions in solution. It follows from this that the question of 
the salt concentration permissible in an irrigation water must have 
some relation to the quality of the soil to be irrigated. For Instance, 
a soil with a high degree of alkalisation is unlikely to deteriorate 
further when irrigated with water which would cause the deteriora- 
tion of soil with a low degree of alkalization. In what follows an ac- 
count is given of the experimental work designed to study the reac- 
tions involved in the system mentioned. 

So that the reactions might be studied over a wide range, a black 
cotton soil which contained 52% of clay was selected. It also con- 
tained about 10% calcium carbonate and a little over 60 milliequiva- 
lents of Ca saloid per 100 grams. Ten- gram portions of the soil 
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were leached with lOOOcc of N^Cl sol«t^« of 

reuS^trvfr logarithmic, and resemble, an 



Fie 34 Relation between Concentration ol N.C1 Solution and the Replacement 
^ of Ca from the Soli 


Table 22. Replacement of Ca by Ka on leaching as well as 

single treatment with NaCl. 


Cone, of NaCl 
(%> 

m.e. of Ca replaced from 10 gm. 
of soil by lOOOcc. Had sol'n. 

Ratio 

Leaching 

Single treatment 

Na/Ca 

0.00 

0.490 

0.3185 

4.65 

0.05 

1.370 

0.9065 

0.10 

1.66$ 

1.2490 

7.31 

O.lS 

2.204 

1.4700 

9.47 

0.20 

2.600 

1.7391 

10.74 

0.25 

3.240 

2.0335 

11.53 

0.30 

3.970 

2.3030 

12.26 


inate this effect the soil was first converted to the acidoid and then 
to Ca saloid by the addition of Ca(OH)2. This derived soil con- 
tained 58.016 m.e. of Ca saloid per 100 grams. 

Ten-gram portions of this soil were leached with 1000 cc of NaCl 
solution of increasing concentration in 1000 -cc lots and Ca deter- 
mined in the enUre leachate. In another experiment 10 -gram por- 
tions of the soil were shaken for two hours with 1000 cc of NaCl 
solutions of increasing concentration. The results of both the leach- 
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ing experiment and single treatment are given in Table 22. Also 
included is a column which gives the ratio of Na to Ca at the equi- 
librium point for the various concentrations of NaCl employed for 
the single treatment. It will be seen that this ratio is not constant, 
but increases with increasing concentration of NaCl. In other words, 
as the concentration of NaCl increases, a relatively smaller amount 
of Ca is required to prevent its action with the soil as regards con- 
version of Ca into Na saloid. 

In the experiments already described, the course of the conver- 
sion of Ca into Na saloid was followed by estimating the replaced 
Ca and assuming that the Ca replaced was equivalent to the Na 
saloid formed. In what follows, Na saloid was determined directly 
by the (NH4)2C03 method described previously. 


O 25% C 0 SO 4 
9 50% Co so« 



#/ ffoCl Sp/t/ffon 

Fig. 35. Replacement of Na Ions hy Ca bj Leaching with NaCl Solution 
Containing Different Amounts of CaSO^ 

Having determined the equilibrium point in the system NaCl*Ca- 
Na saloid, the alterations caused in this system by the presence of 
Ca salts were next studied. Ten-gram portions of the soil were 
leached with 1000 cc of NaCl solution of increasing concentration 
and containing Casalts. The experiment was divided into six series 
with solutions of increasing amounts of CaS04 and also in one case 
a solution saturated with CaC03. , Calcium sulphate was preferred 
as the source of Ca ions because from the practical point of view 
this is the only salt that can be applied economically on a field 
scale. The results are plotted in Figure 35. 

The concentrations of Ca ions are compiled in terms of a sat- 
urated solution of CaS04, which is N/25. The results show that a 
saturated solution of CaS04 can prevent the formation of Na saloid 
by a solution containing as much as 300 to 400 parts per 100,000 of 
NaCl. 

The results shown in F^re 35 are of great practical value, as they 
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indicate that there is no necessity to use a ®/^Ca"Sons 

for the reclamaUon of alkaline sufficient to bring 

given by a saturated solution of CaS 04 is quite 

Ibout the necessary conversion of Na into Ca saloid. This fact was 

confirmed by a more direct experiment ^ alkaline 

A composite sample was prepared from a number 
soils. This sample was leached in 10-gram ^rtions , 

solutions of increasing concentration with different ^ 

CaS04. Sodium saloidwas determined in toe soil re. 

original soil containing 11.05 m.e. per 100 grams 
suits given in Table 23 bring out the interesting fact that it is p 
stole to reclaim an alkaline soil even with a N*C 1 solution of as 
Wgh a concentraUon as 5 to 6 hundred parts per hundred thousand. 
K is to be noted that CaS 04 solution, even at 50% 

conslderablyreducedtheamountofNasaloid in toe ® 

therefore, that unless the concentration of Na ions is so high as t 

Table 23. Replacemeni ol Na ions by Ca from a compof « 

alkaline soils by leaching with NaCl solution containing dlllerent 

amounts ol CaSO^ 


Con. of NaCl 

Na saloid formed (m.e. per lOOgm. soil) 

{%) 

CaS04 25% 

60% 

75% 

100% Saturation 

0.10 

0.20 

0.30 

0.40 

0.90 

0.60 

0.70 

0.60 

0.00 

1.00 

1.00 

3.30 

5.30 

4.S0 

5.30 

7.60 

6.96 

6.76 

7.30 

9.00 

0.60 

1.10 

1.40 

2.40 

2.20 

3.20 

2.60 

3.40 

3.60 

0.20 

0.20 

0.60 

1.00 

2.00 

1.90 

2.60 

2.60 

3.40 

0.40 

0.30 

0.30 

0.50 

0.90 

2.00 

1.60 

1.60 

2.00 

2.60 


cause direct injury to piancs, uau v* 

be greatly reduced by introducing CaSO^. The imporUnt point in 
deciding the quality of irrigation water is determination oi the 
Na/Ca ratio, not merely the total saloids. , . . . / 

These results also explain a certain anomaly in the behavior ol 
different saline soils. For instance, it is known that some of them 
can be reclaimed by simple leaching with water, whereas others 
get worse when subjected to leaching. In the light of these experi- 
ments it appears logical to conclude that soils containing an ex- 
cessive amount of Na salts may be in a flocculated condition and 
pervious to water; but the leaching of such a soil must be done 
carefully, because as soon as the excess salt is removed, me 
soil will become dispersed and impervious to water. On the other 
hand, if the soil contains Ca as well as Na salts, the leaching proc- 
ess does notbrii^ about the accumulation of Na ions, provided there 
are enough Ca ions to offset the effect of the Na salts. Such a soil 
would be easy to reclaim and would need no treatment beyond leach- 
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ing. It is, therefore, of great importance in all studies of saline 
soils to examine the calcium of the water extract to see if a suffi* 

, cient quantity is present to counteract the effect of sodium ions, in 
which case one can go ahead with leaching. If on the other hand, 
sufficient calcium salts are not present, they must be added, in the 
form of CaS04. However, the important point is that the addition 
of CaSO^ must be done simultaneously with the leaching operation, 
so that conditions are created by virtue of which the formation of 
sodium saloid is prevented. 

The results mentioned above lead to a conclusion of great prac- 
tical importance. Hitherto the use of CaS04 has been confined to 
land reclamation; as a preventive measure against soil deter iora« 
tion its value has not been recognized. Soils in certain areas are 
slowly deteriorating; but this can be prevented to a large extent by 
the use of CaS04 as a manure. The need for this application will 
appear when the degree of alkalization rises above 20%, or when the 
pH value is higher than 8.5. If at this sUge CaS04 is applied, the 
presence of Ca salts will prevent any further formation of Na saU 
oids that might be taking place. 

From field experiments on the effect of CaS04 on alkaline soils, 
it has been found that even under the worst alkalizing conditions it 
is useless to apply CaS04 at the rate of more than 2 tons per acre. 
From this it follows that in the early stages of soil deterioration a 
much lighter dressing of Ca504 would be adequate. The exact 
amount and the frequency of application would of course depend on 
the stage of deterioration - a condition which could be easily deter- 
mined by an examination of the soil. 

Alkaline soils usually contain a large percentage of soluble alkali 
salts. Thus some confusion arises as to the exact meaning to be 
attached to the terms alkaline” and ” saline” soils. The Rus- 
sian terms solonchak and solonetz are probably more precise in 
this respect. Saline soils , for convenience of reference, may be 
defined as those having an excessive amount of soluble Na salts. 
By an excessive amount is meant an amount which has rendered the 
soil barren, so that the cause of barrenness can be directly attributed 
to salinity. Alkaline soils may be defined as those having an exces- 
sive amount of Na saloids ,ora degree of alkalization above 20%, or 
a pH value above 8.6. It is true that there is a good deal of over- 
lapping of saline and alkaline soils, but generally there is no diffi- 
culty in deciding which of the two characteristics dominates. How- 
ever, there are some soils which must be described as saline- 
alkaline soils, because the salinity and alkalinity in them is so 
excessive that it is neither possible nor useful to decide which of the 
two dominates. According to these definitions certain broad gener- 
alizations may be made which will be helpful in dealing with such 
soils. 

(a) All alkaline soils contain Na saloids, but all soils containing 
Na saloids are not necessarily alkaline. The essential condition of 
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an alkaline soil is that it must yield “ ®™°“hy?r^ly?is 

“ hydrolysis in contact with water The »-f ^ rso^ution 

becomes apparent only when the hydrolyzed clfy „ harmful 

above pH 8.5, and it is only above this pH value that its harm 

effect on vegetation begins to be evident. soluble 

(b) Saline soils develop into alkaline soils only n 
salU do not include CaSO^ or CaClj. U either of Jhese saiw U 

present in sufficient amount, simple leaching will result ^ a n ^ 

soil. In the reclamation of saline soils it is important to 

‘"(T/lS'some soils it is not possible to determine ‘^3 

factors (namely, salinity or alkalinity) predominates. Such soils 
must be designated as saline-alkaline soils. 

To avoid confusion the Russian terms solonchak and _solone» mus 

be considered synonymous with saline and alkaline soils, resp 

^^'se^ore starting the reclamaUon of saline-alkaline soils a knowl- 
edge of the following is essential: 

(a) Quality of the soil. 

(b) Quality of the proposed irrigation water. 

(c) Nature and distribution of salts In the soil profile. 

The most Important point in judging the quality of soil from th 
reclamation point of view is its degree of alkalization or the amount 
of Na saloid in it. The higher the degree of alkallzaUon the greater 

will be the difficulty In reclaiming it. . . , - . 

The quality of water is not so important from the point of view ot 

actual reclamation because, as shown above, a soil can be reclalme 

even with water containing 500 parts per 100,000 of NaCl provided 
the necessary quantity of Ca salts are present; but subsequent irri- 
gation must be done with water whose total solids does not exceed 
the prescribed limit. The presence of Ca salts in water to be used 
for reclamation is very necessary, and this can be assured by apply- 
ing CaSOa, or by introducing it in the irrigation water. 

A study of the soil profile affords valuable help in reclamation 
work. For instance, if Ca salts (other than CaCOs) are present, 
reclamaUon will be easy. U the soil is impervious to begin with, 
as frequently happens with alkaline soils, surface washing should 
be resorted to. The water in this case should be drained off when 
its pH value rises approximately to that of the soil as determined 
in the laboratory. 


CHAPTER XIV 

THE QUALITY OF IRRIGATION WATERS 

Purely from the point of view of its effect on soils, information 
regarding any water used for irrigation is essential on: 

(a) total soluble salts; 

(b) ratio of Na to Ca in the solution; 

(c) nature of the soil to be irrigated. 

By taking into consideration the normal amount of CaCOs that 
can be expected to be brought into solution when irrigation water 
is applied to a soil containing CaCOj, we can find the minimum 
concentration of Na salts in an irrigation water which will not re- 
sult In the gradual replacement of Ca by Na. The logic of this will 
be apparent from the fact that most of the soils of this type contain 
CaC03, with which the irrigation water will become saturated as 
soon as it is applied to the field. 

The Salt Index 

The solubility of CaC03 in water depends on the partial pressure 
of CO2 in the atmosphere surrounding it. The normal concentration 
of CO2 In soil air to a depth of 15cm is 0.3%, though it may rise to 
1% or more, especially in wet soils rich in humus. The partial 
pressure of CO2 at 0.3% concentration is 2.18 mm, or 2.18/760 s 
0.00278 atmosphere. The solubility of CaC03 at this parUal pres- 
sure of CO2 is 0.0126 per cent, or 12.6 parts per 100,000. Refer- 
ence to Table 24 will show that the minimum concentration of Na 
ions that is in equilibrium with a given concentration of Ca is 4.85 
times the concentration of Ca ions. In other words, 12.6 parts per 
100,000 of CaC03 will be in equilibrium with 12.6 X '40/100 X 4.85 X 
58.6/23-62.2 parts per 100,000 of Nad, or 75.4 parts per 100,000 
of NaS04. Therefore in the absence of Ca salts the total salts in an 
irrigation water should not exceed 62 to 75 parts per 100,000 of 
NaCl or NaS04, respectively, or the Na ions should not exceed24.5 
parts per 100,000. If on the other hand, some CaS04 or CaCl2 (but 
not CaC03) is present, a correspondingly larger amount of Na ions 
can be tolerated. 

The following general formula for expressing the quality of water 
by a concrete value has been derived. The value given by this 
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formula has been designated the salt index. All quantities in the 
formula refer to parts per 100,000: . v .. orI 

salt index = (toUl Na- 24.5) - [(total Ca-CalnCaCOs) X4.85J 


The salt Index Is negative for ail good waters and 
unsuitable for irrigation purposes. The degree of badness y 
reckoned as equivalent to the magnitude of this ’ 

the degree of goodness as equivalent to the magnitude of the g 
^veSctor. InLsway it is possible to build up a scale for ‘rriga- 
Uon waters. The salt index will vary (rom-24.5 to f 
good waters, and from aero up to any positive value ^ 

waters. On this scale distilled water has a salt index of 24. 5. 

The actual determination of salt index is carried out by estimat- 
IM the followii^ in the sample of water: 


sodium sulphate 
sodium chloride 

sodium carbonate, or bicarbonate 

csdcium carbonate 

calcium sulphate or chloride 


The usual convention lor the combination of ions Is, of course, ob- 
served. Magnesium Is rarely found, but if present, It should be 
reckoned as calcium for the purpose of calculating salt index. 

The criteria stated above are quite satisfactory in the absence of 
any knowledge about the soil which a particular water has to irri- 
gate.andany water with a positive salt index can be rejected on that 
basis. An examlnaUon of the soil, however, might render a water 
with a positive salt Index fit for irrigation. For Instance, If the soil 
conUlns CaS04 or CaCl2, a higher salt index could be tolerated than 
otherwise. It is also possible that the former may be available in 
large quantities and could be applied to the soil or added to the irri- 
gation water, thus lowering its salt Index. 

There is athird possibility, l.e. , that the soil is already in a par- 
tially deteriorated condition and since these reactions obey the law 
of mass action, further deterioration will not take place. In other 
words, if the soil already contains some Na saloid, a certain water, 
though bad for a normal soil, may not make this particular soil any 


The next question is, What is the upper limit beyond which the 
water must be rejected as entirely unfit for irrigation purposes, 
whatever the state of soil it is going to irrigate? The greatest tol- 
erance of NaCl for plants is 0.20 mol, or 117 parts per 100,000, 
though this amount may be increased tenfold in the presence of Ca 
salts. We have also seen that in the presence of CaS04 up to 50 
per cent saturation, the amount of NaCl may be raised to 150 parts 
per 100,000 without causing an accumulation of Na saloid. It ap- 
pears that to be on the safe side a water should be totally rejected 
for irrigation purposes if the concentration of NaCl in it exceeds 
117 parts per 100,000 or, reckoned as sodium, 46 parts per 100,000. 



CHAPTER XV 
SOIL PERMEABILITY 

Although from the agricultural point of view soils containing Na 
salolds possess some of the worst features, they have certain de- 
sirable properties for other purposes. For instance, Na saloid 
goes into suspension immediately on coming into contact with water 
The fine clay particles thus produced fill up all the interstices and 
the soil is rendered impervious to water. In this respect its prop- 
erties are the reverse of Ca saloid. These properties, which are 
bad from the agricultural sUndpoint,areof considerable value when 
a material for lining canals to reduce seepage losses is required. 
We have already seen that the conversion of a Ca saloid into a Na 
saloid is an easy matter; all that we have to do is toesUmate the 
amount of Ca saloid and add an equivalent amount of NaCOo to it, 
when the Ca saloid is quantiuUvely converted into a Na saloid. 

Before describing the practical details of using this method in 
the field, it is desirable to give details of the laboratory experiments 
designed tostudy the reduction in permeability of soils treated with 
NaCOs. Incidentally the experiments will afford an insight into the 
methods of testing the suiUbllity of a soil or a channel for the 
sodium carbonate treatment. The chief factors determining the 
permeability of a soil to water are its clay content and the relative 
amounts of Na-Ca salolds in it. These can be determined easily. 
The most important determination relating to the present discussion 
is the measurement of permeability. The chief difficulty in such 
measurements lies in the fact that there is no satisfactory method 
of packing the soil, and as the results are very largely affected by 
the manner of packing, they are not reproducible. The problem of 
packing, however, can be solved by allowing the soil to pack itself 
in a special brass percolating cylinder, which is 2.5 inches in diam- 
eter and is provided with a stout flange at the bottom; against this 
flange is held a perforated brass disc, the other side of which is 
held to the flange of a funnel. The joint between the cylinder and 
the perforated disc is made water-tightby rubber was hers. A filter 
paper is interposed between the cylinder and the perforated disc. 
The whole apparatus together with the funnel is secured with bolts. 

Twenty-five grams of the soil are left with about 250 cc of water 
overnight, after stirring once. The following morning the suspen- 
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Sion is transferred to a measuring flask and the total 

uD to 500 cc. The suspension is brought to a uniform consisten y y 

cently shaking the flask. The total suspension Is then 

the percolating cylinder. Percolation starts almost imme y 

and continues at a gradually diminishing rate. 

(sooner If the volume of the percolate is more than . 

clean filtrate is genUy poured back into the cylinder. After a 
5 or 6 hours the rale of percolation becomes almost constant, 
volume of percolate collected in unit time, or some factor reia 
to It, is taken as the measure of permeability. 

For purposes of comparison and for studying the effect of 3 

this simple device serves quite well. In Table 24 
suits of permeability tests with a number of soils. It will oe 
that the rate of percolation expressed in cc per hour is reducea y 
40 to 90% of the original value when NaCOs equivalent to the c a 
saloid in the soil is added. 


Table 24. Permeability of soils with and without 
sodium carbonate treatment 


Soil No. 
R.M. 

Clay 

<%) 

, oarcolallOA (c.c. poi' hr.) 

% reduction 

Treated 

Untreated 

5 

4.5 

t06 

27.0 

74.5 

6 

10.9 

68 

19.9 

71.3 

7 

32.0 

69 

3.2 

95.1 

8 

20.2 

136 

14.9 

89.5 

9 

5.4 

129 

13.0 

89.6 


The method described is suitableforordinary measurements, but 

it has some obvious disadvantages. One rather serious drawback 
is that when dealing with highly dispersed soils, especially the 
NaCO-t- treated ones, the fine clay parUcles are likely to choke the 
filter paper at the bottom, resuitir^ in a greatly reduced 
percolation which may not reflect the actual state of 
gives an exaggerated picture of the reduction in permeability, ims 
defect was removed by placing the soil between sand layers. The 
soil layer was 1 inch thick, which necessiUted the use of a larger 
head of water. The arrangement finally adopted also enabled the 
examinaUon to be made of soil from a canal bed in the wet state 
without disturbing it. The percolating cylinder shown in Figure 36 
is of the type described, except that it is made in tl^ee sections. 

The middle section, which is 1 inch long, contains the soil; the 
lower secUon is filled with sand; the middle section with the wet 
soil block is placed on it and the top section then placed in position. 
The two rubber washers keep the joints leak-tight and the various 
sections are clamped together, after which some sand forming a 
layer of almost 1 inch is spread on the soil. The top of the cylinder 
is closed with a brass cap with two holes, one connected to the water 
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reservoir and the other to a tap which is opened during the filling 
of the cylinder and closed when the cylinder is full. The water 
reservoir can be raised or lowered and is kept at a constant level 
with the help of an overflow arrai^ement. Several percolating cyl- 
inders can be run at a time, every unit working at the same pres- 
sure head. 

The rate of percolation is determined by measuring the volume 
of the percolate in a given time. A standard head of 10 feet of 



Fig. 36. Diagram of the Percolating Cylinder and Constant Level Arrangement 
water is maintained for all measurements and the results are com- 
puted in cusecs per million square feet of surface simply by mul- 
tiplying the number of cc of percolate collected in one hour by 0.30. 
Obviously this factor applies only to a cylinder of 2. 5 -inch diameter. 
Thethiclmessof thesoll block (1 inch in this case) and the pressure 
head must be specified when reporting the results. Assuming that 
the rate of percolation is proportional to the pressure head and the 
thickness of the soil block, we can define the permeability of a canal 
bed in cusecs per million square feet of surface for a thickness of 




97 


SOIL PERMEABILITY 

1 foot under a pressure of 1 foot of water. This is toe 
way in which Irrigation engineers like ^gAni^meas- 

in canals. In Table 25 are recorded results of (I^ur 

urements on soil blocks from the various parts of a canal 

Branch Lower)* 

Table 25. Permeability of material 
forming the bed of a canal at certain reaches 


Locality 

R.D- 

Clay 

(%) 

Permeability in cusecs 
per million sq. ft. 

46,000 

10-4 

0.59 

$3,000 

4-0 

192-75 

$5,000 

10.9 

0-015 

56.000 

9.2 

0-035 

57,000 

12-4 

0.07S 

58,000 

9-7 

0-035 

59,000 

12-2 

0-010 


It will be seen that at k.u. dd»uuu xnepernnfAvi*ity 
thousand Umes that at R.D. 55,000. By examination of 
low the bed of a canal, it is possible to indicate the peaches In 
which seepage is high and which It will pay to treat with sodium 
carbonate. The following method is employed for taking undisturbed 
samples of canal bed earth. A core sampler consisting of a br^s 
cylinder of exactly the same diameter as the percolation cyimder 
is pressed into the clay bed after removing the silt overlying It 
The sample is then pressed out of the core sampler directly Into 
the middle section of the percolation cylinder, which is 
on both sides by closely fitting lids. The sample is brought to me 
laboratory and examined directly after clamping to the percolaUng 
cylinder as usual. 


Canal Seepage Losses ^ 

Large-sc^e experiments to explore the possibility of preventing 
seepage losses from canals by the use of sodium carbonate were 
started In the first Instance to gain experience in the use of mis 
chemical and to discover the best way of applying the method in 

practice. , . ^ i 

The sodium carbonate method was first tried in two channels: 
a 100-foot length In each distributary was enclosed in brick walls 
and the rate of fall in the water level was taken at regular intervals. 
This gave a measure of the seepage loss- Sodium carbonate was 
then added to give a 0.1 per cent solution, and its effect on the 
seepage loss noted. The results were encouraging in both cases. 
The seepage loss was reduced by 50 per cent in one case and by 
45 per cent in the other during the course of 4 days. The practical 
difficulty of applying the material in the form of a solution is ob- 
vious. The maximum effect cannot be expected unless all the solu- 
tion reacts with the bed material. 
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Two compartments 100 feet long were made with a space of 50 
feet between them in a channel 12 feet wide by 2 feet deep. The 
parUtions were of brick and cement, strengthened with a backing 
of earthwork. The tanks were filled every day and seepage losses 
measured over a period of five days. After this one of the tanks 
was emptied and refilled after applying sodium carbonate to the 
bed. Twenty-four-hour seepage losses were again measured for 
five days. Thus by taking measurements of the same tank before 
and after treatment, variations due to differences In the soil bed 
were eliminated. This is an Important point; seepage losses from 
an entire canal or distributary cannot be measured by the compart- 
ment method, for the results will be applicable only to that portion 
of the canal In which the compartment may be situated. In this ex- 
periment a decrease of almost 40% In seepage loss was shown. 
Soil samples taken In the bed of the channel in 1-inch sections after 
the sodium carbonate treatment showed that the alkali had pene- 
trated to a depth of 3 inches below the broadcasting surface. The 
procedure adopted for applying the sodium carbonate was to remove 
six inches of the bed silt and broadcast 2 cwt of sodium carbonate 
on the surface as evenly as possible. The bed silt was then put back 
to cover it. The bed of the channel consisted of stiff soil containing 
20 to 30 per cent of clay. 

In order to test the treatment under running canal conditions the 
Awagat distributary of the Lower Chenab Canal was selected. The 
behavior of this distributary before treatment was known and hence 
afforded a readily available basis of comparison after treatment. 
The authorlzedfull supply of the channel was 54 cusecs, but in order 
to feed the tail the supply at the head had to be increased to 58 
cusecs. Even with this discharge some difficulty was felt at the tall. 

In order to develop the field technique for the treatment, an ex- 
perimental reach of about 7000 feet was treated during a closure. 
The procedure adopted was as follows. The bed was dug to a depth 
of 1 foot below its level. The silt thus removed was dumped on 
both sides. The side slopes of the excavated portion were kept as 
nearly vertical as possible, so that the maximum bed width could 
be treated. A layer of earth 2 inches thick obtained from the neigh- 
boring land was placed on the bed. This earth had been examined 
in the laboratory to make sure that it was suitable for the purpose. 
The earth was finely powdered with mallets, dressed and thoroughly 
rolled with hand rollers. 

The unit of treatment was a 10 -foot length of the channel. A solu- 
tion of NaC03 containing 6.6 pounds of NaC03 per cubic foot of 
water was prepared. This was sufficient for the treatment of 33 
cubic feet of soil, or 200 square feet when spread in the channel 
bed. The solution of NaC03 was sprayed uniformly from watering 
cans on the surface of the 2- inch layer of earth. After treating this 
layer, a second layer of earth also 2 Inches thick was laid on the 
treated surface. This second layer was rolled and treated with the 
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solution of NaC03 in a manner similar to the first. After treatment 
the earth layer was covered by an 8-inch layer of silt dug from tn 
channel, to restore the bed to its original level. 

After the channel had been running for about three months, tn 
bed was examined and it was found that the sandwiched earth layer 
was not disturbed. This showed that the technique adopted was 
satisfactory. Therefore the entire length of about 13 miles was 
subjected to a similar treatment. When the distributary was re- 
opened after the second treatment, the authorized full supply of 04 
cusecs was admitted at the head. With this discharge running it was 
found that the tall could be supplied without difficulty. Actual me^- 
urements showed that there was a saving of 2.3 cusecs of water 
which was previously lost by seepage. This would mean that the 
entire cost of treatment would be recovered in three years. 

In making trials of the effectiveness of the sodium carbonate 
treatment, the channel selected should satisfy the following condi- 

(1) It should have a meter at the head, a carefully calibrated tail, 
and preferably one or two meters between its head and tail. 

(2) The excessive seepage losses in the channel should be an es- 
tablished fact as distinguished from other losses such as overdraw- 
ing outlets. 

(3) The outlets should be of the latest type so as to admit correct 
calculation of discharge. 



CHAPTER XVI 

DISPERSION OF SODIUM SALOID IN WATER 
Au to « Pis integration 

One of the outstanding properties of sodium salo ids is their ability 
to go into suspension without any mechanical shaking. This phenom- 
enon, known as auto-disintegraUon , is characteristic of lithium sal- 
olds also. The latter are of theoretical Interest; attention may 
therefore, be directed to the examination of Na saloids only with re- 
spect to this property. 

Since auto -disintegration is shown only by Na saioid In natural 
soils, it has some correlation with the degree of alkalization. A 
quantitative estimate of this property can be made by determining 
clay in asoilbyauto-dls integration, without any shaking (dispersion 
factor, or D.P.) and expressing it as a percentage of the total clay. 
This ratio is called dispersion coefficient, or D.C. 

The effect of the gradual neutralization of soil acidoid by NaOH on 
Its dispersion coefficient was studied on four soils differing widely 
In character. The four soils chosen were P.C. 6, a yellow laterltic 
soil; P.C. 13, a black cotton soil; P.C. 15, a red ferruginous soil; 
and P.C. 123, an alluvial clay sub-soil. These soils were first 
converted into the acldold and then gradually neutralized to differ- 
ent pH values with NaOH and their dispersion coefficients measured 
both by auto- disintegration and shaking for 24 hours. The results 
are shown graphically in Figure 37, from which the following con- 
clusions are drawn. 

(1) The maximum dispersion both by auto -disintegration and by 
shaking is attained at pH 10.8, but the manner of approach to this 
maximum is different for different soils. 

(2) The change in dispersion with increasing pH value is very 
slight up to pH 6 in the case of P.C. 6 and P.C. 13 soils. This is 
followed by a rapid change, which again slows downtowardthe ap- 
proach of the maximum value. 

(3) Soil P.C. 123 shows very little dispersion up to pH 10, after 
which the curve shoots up rapidly and the maximum is reached at 
pH 10.75. 

(4) Soil P.C. 15 is somewhat similar to P.C. 123 as regards auto- 
disintegration, but resembles P.C. 6 and 13 when dispersion Is pro- 
duced by shaking. 




Effect of pH Value on the Dispersion of H Soils with NaOH 
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(5) The change in the shape of the pH- dispersion curve occurs at 
a lower pH value with shaking than with auto -disintegration; other- 
wise the general characters of the curves are the same for the two 
methods. Shaking merely helps the disruptive forces and brings 
about disintegration at a lower pH value. 

In order to see if all Na soils show the maximum dispersion by 
auto -disintegration and to determine how this value compares with 
mechanical shaking in the case of different types of soils, 74 soils 
were examined. All were first converted into H soils as usual by 
acid treatment, and dried. They were then neutralized to pH 10.8 
with NaOH and the clay content determined by shaking for 24 hours 
in a mechanical shaker and by auto -disintegration, i.e., without any 
shaking for the same time. Since the actual values are not of much 
interest, the difference between the clayobUined by shaking and by 
auto- disintegration is shown in Table 26 compared with the number 
of soils that show a difference of that magnitude. 

Table 26. Difference between the clay con- 
tents obtained by auto-dUIntegratlon and by 
shaking In 72 soils neutralized to pH 10.8 
with WaOH after acid treatment. 


Difference in 
cUy (%) 

Humber of soils showing 
difference of that order 

6 

1 

3 

7 

2 

11 

1 

16 

Less than 1 

dS 


It is rather interesting that in one solitary case where the differ- 
ence is almost 6 per cent the value by auto-disintegration was 46.56 
and by shaking 40.12. This value was not repeated and might be 
due to some error in manipulation. The important point that 
emerges from this study is that though the soils used belonged to 
different types, including black cotton, lateritic, red ferruginous, 
alluvial, and humus and had been collected from different localities, 
not a single one failed to show maximum dispersion by auto- disin- 
tegration. We may thus state the general conclusion that all Na 
soils at pH 10.6 go into suspension by auto- disintegration, without 
any mechanical shaking. The importance of this conclusion will be 
discussed later when dealing with the mechanical analysis of soils. 

Some interesting questions arise from the fact that dispersion is 
complete and at its maximum when the pH value of a Hsoil is made 
equal to 10.8 by the addition of NaOH or LiOH, for example, whether 
the soil at different pH values, which is not at its maximum disper- 
sion, represents a stable structure or whether it is merely a ques- 
tion of time? It is quite likely that the rate of dispersion of a Na 
soil at different pH values may be different, in which case it would 
be more helpful to measure the rate of dispersion. The development 
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of the chalnohydrometer for the “ech^icM ^ysis oI 

S ie interval, which could 

not have been done with the pipette method. 

^tcfeS/aSl^ NaOH were added to a 2% 

H soil (P.C 13). Particles of 0.005 mm diameter 

at various intervals of Ume. The results are given ‘" Table 27. 

The readings were continued for “ b^\|en'’toat 

sions were heated for 10 hours at 60 to 70°C. It -There is 

differences due to pH values are Je 

however, a slight tendency for the dispersion to 
the first 5 to 7 days up to pH 10 or more. Dispersion at higher pH 

Table 27. Rate of dispersion of H soli neulrallted to different P H levels. 

~Per cent ( Q.OOSmm.) particles after keep ng for v arious — 

. „ , . 1 , 54 2 3 < s 6 7 14 30 50 then heated 

^ hJs. hM. hrs. hrs. -i.y.|dav«[iav«|davs|days|day5|days| days|days|for 10 hrs- 


5.90 6.2 7.6 
6.62 9.6 9.7 
7.71 12.9 13.2 

7.92 15.3 15.6 
$.60 14.9 15.4 
9.26 16.6 16.7 
9.60 18.6 21.6 

9.92 24.6 30.8 
0.52 60.5 60.9 


9.5 9.5 11.6 12 
14.3 16.6 17.4 19 


19.6 23.8 
23.5 25.4 
27.3 28.7 

31.0 31.3 

34.1 35.3 
45.8 46.1 
eo.3 59.7 


25.2 

27.6 

32.7 
33.4 

36.3 

47.2 I 47 
59 

61.2 161. 


0.95le4.2l64.6l65.2l62.3[63.0l62.9l61.9l62.2l61.6l6l.2l60.9 I 61.2 161.61 62.3 

values seems to have reached a maximum value in four days. It is 
clear that soils at different pH values represent structures which, 
if not permanent, are at least water -stable for a considerable length 
of time; not even heating makes any appreciable difference. 

In order to see if this sUte of aggregaUon is confined to the clay 
fraction or extends to the entire soil including the coarser fractions, 
complete mechanical analyses up to 0.06- mm particles were made 
after leaving the suspensions neutralized to different pH values for 
3 weeks. The results, given in Table 28, show that the relation be- 
tween pH and dispersion is the same whatever particle size is taken 
into consideration. In other words, the alkali affects all the frac- 
tions equally. 

To compare the dispersion of Na saloid with saloids of other 
metals, increasing amounts of various hydroxides were added to 
H soil (P.C. 13) and dispersion measured at every step by deter- 
mining particles of 0.005- mm diameter with the chalnohydrometer. 
The total quantity of alkali in this case was pushed much beyond the 
base equivalent limit. For instance, the H soil required approxi- 
mately 60 to 70 cc of N alkali for 50 grams to bring it to pH 10.8. 
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When more alkali is added, a slight increase in dispersion is noted 
which continues unUl flocculaUon takes place. This slight increase 
is most probably due to the partial breakdown of the aluminum 
silicates with the formation of aluminates. It might be pointed out 
that the quantity of alkali added was subtracted from the weight of 


Table 28. Complete mechanical analysis of a soil at different pH values 

(after 3 weeks' standing) 



m.e. of 

NaOH added 
to SO gm. of soil 

0.06 

mm. 

0.04 

mm. 

0.02 

mm. 

0.01 

mm. 

0.006 

mm. 

0.005 

mm. 

0.002 

mm. 

S.55 

6 

56.0 

52.0 

37.5 

31.6 

30.4 

27,7 

23.5 

6.10 

15 

66.3 

59.2 

51.4 

42.6 

39.4 

38.3 

31.3 

6.60 

20 

68.0 1 

64.4 

54.3 

45.6 


36.4 

35.0 

7.1S 

24 

71.8 

68.0 

55.0 i 

ESSm 


42.2 

37.5 

7.45 

26 

72.9 

69.1 

S9.7 

EQ 


44.6 

39.6 

6.25 

34 

79.3 

73.8 

68.2 

EEa 


47.3 

43.2 

9.40 


83.0 

61.3 

66.9 ' 

57.5 


51.5 

44.3 

9.95 


83.8 

82.7 

74.0 

54.2 


56.2 

51.9 

10.80 


64.4 

62.9 

77.7 

65.9 


59.2 

54.3 

11.10 


65.4 

63.5 

77.2 

67.4 


61.4 

57.2 


Table 29. Dispersion of various solo Ids at different pH values 


Added 
m.e. of 
alkali 
to SO gm 
soil 
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Complete mechanical ^ali were 

zi o, «„.n. 


Table 30 . complete mechanical .naJrsU of a 


In every case 


Base 








Li 

Na 

K 

NH 4 

Ca 

Mg 


79.1 
79.7 
43.3 

47.1 

39.1 
41.9 

76.9 

75.4 

27.8 

36.7 

2 S .6 

26.0 

66.4 1 
66.6 

17.4 
29.8 
10.3 
14.6 

64.8 1 

64.1 

17.1 

21.2 

9.0 

14.0 

60.1 

60.7 

12.4 
17.0 

8.0 

10.4 

99.4 

55.3 

8.6 

14.6 

4.8 

6.0 


ions on dispersion is similar to that of 

seem that clay is uniformly distributed throughout the enUre soil, 
a^ras ^8pe?slon increases each fracUon contributes a share of 
clay proportional to its size and surface. 

Effect of Temperature on Dispersion „h values 

The effect of temperature on dispersion at different pH values 
was studied by keeping the H soil with increasing percentages of 
NaOH in thermos flasks for 24 hours and also by shaking mechan- 
ically for the same period. There was a change of temperature of 
about 5®C durlngtheperiodthe suspension was kept or shaken. The 
results, given in Tabie 31, show that an increase in temperature 


Table 31. Efiect ol Ucnperature on dlaperaJon at dllfereni pH valuea 


m.a. of NaOH 
added to 12 
arn. of JOll 

! Kept for 24 bogra without a haklof J 

Ahaken for 24 hours 

pH 

•-12®C 17.22®C 33-33® 

C 39-44®C 

pH 

9-14®C 19-25®C 30 

-35®C 39-49 C 

1 B 

6.3 

9.4 

13.4 

15.4 

17.0 

6.2 

26.9 

26.6 

32.9 

32.2 

a a V 

3.S 

7.0 

19.2 

21.6 

24.0 

26.4 

7.0 

31.6 

33.6 

36.0 

36.6 

9.0 

9.0 

36.6 

27.6 

29.4 

32.4 

6.0 

34.6 

37.0 

39.6 

39.4 

6.5 

9.9 

27.6 

29.6 

31.6 

36.0 

9.2 

42.6 

46.0 

47.6 

49.6 

9.0 

10.5 

29.2 

33.6 

37.0 

39.6 

10.1 

50.2 

54.4 

55.6 

55.8 

ll.O 

10.9 

29.6 

35.6 

40.6 

42.3 

10.6 

5S.4 

56.4 

59.6 

60.3 

16.5 

11.2 

37.0 

40.3 

41.6 

50.0 

11.1 

56.0 

56.6 

58.4 

61.4 

26.0 

11.6 

41.5 

4S.9 

49.6 

62.6 

11.5 

57.9 

56.9 

56.1 

62.1 


brings about a higher dispersion at all pH values, the maximum dif- 
ference being shown at the highest pH value when the suspension 
was not shaken. The maximum value, however, showed little dif- 
ference when the suspension was shaken. 

The same effect is shown In a more striking manner in T^le 32 
in which the rate of dispersion of the soU at two temperatures is 
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recorded. At 35^0 the soil Is completely dispersed in about 4 hours 

Va^ ^y® ^ reach the 

same state of dispersion. 

fh J*'® rate of dispersion at higher temperature confirms 

interaction between alkali 
and soil acidold is due to the slow rate of diffusion of alkali in 
minute capillaries. The well known effect of temperature on rate of 
diffusion agrees with the observaUon recorded above. We can vis- 
u^lze the mechanism of neutralizaUonof an undispersed soil some- 
what as follows: The added alkali immediately attacks the particles 
nearest to it, which are neutralized up to the limit of the avallabll- 
ity of allcali in solution. However, particles inside the aggregate 


Table 32. Effect of temperature on rate of dispersion 


Time 

% of 0.00&-mm. 

particles at pH 11.0 


350 C 

11 - 120 C 

4 hours 

64.2 


6 hours 

64.6 

26.6 

12 hours 

65.2 

28.8 

24 hours 

62.3 

32.1 

48 hours 

63.0 

39.1 

3 days 

62.9 


4 days 

61.9 

49.3 

5 days 

62.2 

54.8 

6 days 

61.2 

58.2 

7 days 

61.6 

60.0 

14 days 

62.2 

61.7 


structure receive a smaller share of the alkali. In the course of 
time, the overneutrali 2 ed particles slowly give up their alkali to 
those that were not easily accessible at first. The pH value gradu- 
ally goes down as equilibrium is reached; but those particles which 
had attained a certain level of dispersion corresponding to the 
amount of alkali added remain dispersed, causing only a feeble 
dispersion of the others. 

Reclamation of Alkaline Soils 

The phenomenon of auto -disintegration plays an Important part 
in the production of adverse physical condition in alkaline soils. 
Such soils pass into suspension on coming into contact with wafer. 
The fine clay particles thus separated fill up the interstices and 
prevent aeration and movement of water. This is one of the main 
causes of the unfertllity of these soils. Since CaS 04 is used for 
the ameliorationof alkalinesoils, itis of great practical importance 
to determine how It affects auto- disintegration in Na soils. 
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There is another Interesting point: all the soils 
mum dispersion when the concentration of CaS04 is app __iu. 
O.OOIN. This is remarkably low, consideringthat * , ^cate 

Uon of CaS04 is approximately 0.04N. These ‘■*su|ts als 
that it may be more advantageous to apply CaS04 in *e f 
solution by addii^ the correct amount to the “’rigation wa ^ 
than applying it at the rate of so many tons per acre. P 
however, is complicated by the fact that it is not ^ main- 

of adding a certain minimum concentration of CaS04, but 
taining that concentration under field conditions. 



Fig. 3S. Effect of CaS 04 on Dispersion Coefficient 


Fourteen soils were chosen for this study. These were selected 
to obtain a wide variation of the degree of alkalization. Ten-gram 
portions of the sollswere auto -disintegrated for 24 hours in a liter 
of CaS04 solution of increasing concentration, and the clay deter- 
mined by the pipette method. The results, expressed in terms of 
dispersion coefficient, are plotted in Figure 38, only those 
being given which could be accommodated in one diagram. They 
lead to the conclusion that dispersion is reducedto the minimum at 
a definite concentration of CaS04 in solution for each soil. In other 
words, for the reclamation of alkaline soils, a certain minimum 
concentration of CaS04 must be maintained in solution. This 
be interpolated from the dispersion -concentration curves, and the 
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correlated with the amount of Na saloid in the soil 
This wlU be clear from Figure 39 in which these values are plotted. 


Replacement of Calcium by Sodium 

Hitherto we nave considered the auto- disintegration of Na soils 
derived from H soils, because the latter offer the starting point for 
introducing other cations in regulated amounts. Calcium is by far 
the most important cation in all i^ricultural soils. We have seen, 
however, that Ca soils show practically no dispersion by auto-dis- 
integration. It is therefore of interest to know how the dispersion 



Fig. 39. Relation between Exchangeable Na and Minimum Dispersion 

Concentration of CaS 04 

of a soil will increase with the gradual replacement of Ca by Na« 
This replacement can be brought about most conveniently by the 
addition of Na carbonate and Na oxalate to a Ca soil. Increasing 
percentages of Na2C03 or Na oxalate were added and dispersion 
studied after 24 hours of auto-disintegration. The results are shown 
graphically in Figure 40 and 41. The two sets of curves are essen- 
tially similar, Na oxalate showing higher dispersion than Na2C03 
at every concentration until the maximum value is reached. 

Maximum clay was also determined and the results are plotted 
as dispersion confidents, i.e., the clay obtained by auto-disintegra- 
tion expressed as percentage of the maximum clay. It will be seen 
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♦hat in most cases the maximum value of the clay is 

auto-dlslntegration with Na carbonate or oxalate. ^ 

fact that the pH value of the soil cannot be raised to ® ^ 

cS)onate or oxalate, the failure of some soils to give maximum 
dispersion is. easily comprehensible. 



Causes of Di spersion ... ^ 

At this stage it appears pertinent to ask what may be toe cause of 
dispersion and why Na and Li saloids show the highest dispersion^? 
It is true we have toe analogy of soluble salts, which show the high- 
est solubility of Na and Li salts and also the greatest ionization. 
These Ions are also supposed to be hydrated and their greater so u- 
billty may be due to their ionization or hydration. We can decide 
this point to some extent in the case of soils. If the ions are hy- 
drated, this hydration must affect the rate of settlii^ of the clay 
particles. Actually this is not so, for a completely dispersed clay 
is unaffected by the nature of the cation in It, provided it is not al- 
lowed to dry. All the monovalent ions, which should be hydrated, 
show the same percentage of clay. Hydration, therefore, cannot be 
a factor in their dispersion or stability. 

There is another method of throwing l^ht on this point: clay can 
be determined at higher temperature and if hydration is playing any 



SOIL CHEMISTRY 

part, ^ere should be a decrease in the clay content due to dehvdra- 

soils were chosen for this experiment as 
they had the highest base equivalent and therefore would be likelv to 
showtoemaximumeffectofhydration,ifany. The sollswere brought 
to a state of maximum dispersion followed by acid treatment. They 



Fl«. 41. AutO'DisintegraUon of Ca Soils with Ns OuUate 


were then treated with various hydroxides in equivalent amounts 
corresponding to the complete neutralisation of the acldoid. Clay 
was determined at three different temperatures, the highest being 
e4^C in the case of P.C. 13 and 58^ in the case of P.C. 123. The 
results given in Table 33 leave no doubt that whatever other effect 
hydration may have, it has no influence on settling. 

Since hydration does not seem to play any role in the dispersion 
of soils, it is probably the higher dissociation of Na and Li salts 
which causes greater dispersion. We know, for instance, that the 
conductivity of the Na salt of a weak, feebly ionized acid is appre* 
ciable, and very likely the same thing is happening in the case of 
soils. 

We can obtain evidence of the comparative dissociation of the 
various saloids formed when soil acldoid Is neutralized with differ- 
ent bases from: (a) exchange ratios, ft>) pH value, (c) conductivity, 
(d) dispersion, and (e) effect of dilution on dispersion. 
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dispersion of sodium saloid in water 

Table 33. Effect of temperature on the clay content 
of soils at maximum dispersion with different ions 



As ^ii suspensions behave in every way like solutions of we^ 
electrolytes there is no reason why factors like the 
oroduct" and pH value, which determine the ionic combinaUon m 
systems of electrolytes, should not operate in the case of In 

other words, the formaUon of that saloid will be favored which is 
the least ioniaed. Itfollows also that those ions which form the least 
ionized saloid will have the greatest power of replacing other ions. 
The distinction between a soluble and an insoluble substance is 
purely one of degree and even the so-called insoluble salts are well 
known to have a •solubility product*, which plays an important part 
in their precipitation and separation from other salts. 

If we add to a Ca soil the Na salt of an anion which can form a 
Ca salt having a smaller solubility product than the Ca soil, then 
practically all the Ca in the soil could be precipitated and replaced 
by Na. This is what happens when Na carbonate or oxalate is added 
to a Ca soil. 'The entire phenomenon of base exchange in soils rests 
on this principle: namely, that If we have a high enough concentra- 
tion of any salt, then the ionization of the saloid of that cation which 
is common with the salt will be suppressed so much that we shall 
have the formation of the major portion of the saloid. For instance, 
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saloid with sufficient amount of normal NaCI, the 
ionization of the Na saloid will be suppressed so much that it will 
be rendered less ‘soluble’ than even Ca saloid. However, when 
^ivalent amounts of any two salts are present, the ratio of the 
formed will be in proportion to their ionization, i.e., 
the least ionized is formed to the largest extent Thus by studyine 

!irloufsMoids'*''“^ ionization of thf 


Exchange ratio may be defined as the ratio of saloids of two cat- 
ions formed when equivalent amounts are added to a soil at the 
same time. For instance, if an equivalent amount of KCl is added 
to a Ca saloid, or CaCl 2 toa K saloid, the binary systems being the 
same in both cases, the final equilibrium will be the same. The 


Table 34. Exchange ratios between 
calcium and other ions 


Combination 
of ions 

Exchar^e ratio 

Ca(0H)9-KCl 

I.e 

KOH-CaClo 

1.5 

Ca(OH)2-NK4Cl 

i.e 

NH40H-CaCl2 

1.7 

CarOH)2.NaCl 

4.0 

NaOH-CaCl 2 

4.0 

Ca(OH) 2 -UCl 

4.6 

LlOH-CaCU 

4.6 

Ca(OH)2-BaCl2 

0.6 

Ba(OH)2-CaCl2 

0.77 

Ca(OH) 2 -MgCl 2 

1.07 


ratio Ca/K in the mixed saloids 'may be spoken of as the exchange 
ratio for these particular ions. If all the other Ions are compared 
with Ca taken as unity, we can have a uniform scale of comparison 
which would give a very good idea of their displacing power. 

Since the base taken up by a soil is a continuous function of the pH 
value, the main difficulty in a comparison of this nature Is to fix the 
reaction of the soil at which the exchange ratio should be deter- 
mined. In order to gather information on this point the exchange 
ratio between Ca and Na was determined at different pH values for 
a number of soils. It was soon discovered, however, that deter- 
mination of the exchange ratio would be logically sound only In the 
neighborhood of the neutral point, to avoid complications due to the 
production of exchange acidity in H soils and the precipitation of Cq 
in highly alkaline soils. The procedure adopted to determine the 
exchange ratio of two cations was to add to the hydroxide of the one 
the chloride of the other in quantities equlvalentto the T/2 value of 
the soil. The exchange ratios for a soil for various ions taking Ca 
as unity are given In Table 34. 
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Th. - ^change 

Stance, 4 Indicates that Ca «» two are present 

the amountof the other ion from its amounts of 

in equivalent amount. In other words, when eq , . are 

Se Svo ions, one as hydroxide and the other as a no«tral are 

shaken with soil, the Ca saloid formed will be 4 times the 

^^he pH value of a weak acid with a strong 

strength of the base in the extent of hydrolysis.which manifest 
self in a higher pH value. Therefore, if equivalent amounte of v 

ous bases are added to an v2^ 

will be higher the stronger the base. This higher Table 

dicate a greater dissociation of the saloid. The resu 

35 show that for a given amount of alkali added, the pH v 


Table 35. Relation between pH value, equivalent solubility, 



least In the case of Ba and highest for Na. ConducUvtty of the sus- 
pensions, the pH values of which are given in Table 35, were de- 
termined and are represented as concentrations of NaCl, which nas 
the same specific conductivity as the suspension. This method of 
presentation gives a direct comparison of the different saloids in an 
easily comprehensible manner. 

In Table 35 pH, equivalent solubility, and exchange ratios are 
given as well as the dispersion factor (D.F.); clay percentage ob- 
tained by simple shaking. It will be seen that there is a striking 
parallelism between the various factors which emphasizes their 
relationship and interdependence. 

If dispersion is due to dissociation of the saloid, then dilution ol 
the suspension, which by analogy to soluble salts would increase 
dissociation, should have the effect of increasii^ the dispersion. 
This is actually the case, as was shown by the following experiment: 
12-gram portions of a highly clayey H soil were dispersed at dif- 
ferent pH values by keepii^ them in contact with 200, 400, 600, 800 
and 1000 cc of water for 10 days, with no mechanical shaking. After 
that the volume was made up to l,200cc in every case to give 1 per 
cent suspension. The results are recorded in Table 36. 
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The effect of ^luUon is not apparent up to pH 9.82, but at h^her 
pH v^ues the higher dilutions give greater dispersion. The soil 
used for this experiment (P.C. 123) was extremely sensitive to pH 
changes as regards dispersion and therefore parUcularly suited for 
the purpose. After the addition of alkali to the 1% suspension, sam- 
ples were kept for ten days, with no shaking. These results again 
point to the analogy between solutions of weak electrolytes and clav 
suspensions. The increase in dispersion on dilution fits in well 
with the increase in activity of electrolytes on dilution 


Table 30. Bftect of dilution on dispersion st diflerent pH values 


cc.of NNaOH 
added to 12 
gm. of soli 

pH takeo 
after tO 
days 

Volume 

(cc.) 

O.OSmm. 

<%) 

0.02inm. 

(%) 

0.01 Dim. 
(%) 

0.006m m. 
(%) 

0.002 mm. 
<%) 



200 

76.6 

51.2 

36.6 

35.2 

33.0 



400 

77.0 

64.6 

41.6 

36.4 

36.6 

3 

9.20 

600 

74.4 

SI. 6 

39.2 

34.6 

36.3 


1 

600 

76.6 

49.0 

39.6 

34.6 

33.0 


1 

1000 

76.6 

46.6 

38.9 

34.6 

33.2 



200 

63.3 1 

S6.4 

46.8 

46.6 

45. 6 



400 

62.4 

60.6 

52.0 

47.6 

46.3 

5 

9.82 

600 

63.4 

69.6 

51.0 

47.1 

46.4 



800 

62.9 

50.6 

46.4 

46.0 

44.6 



1000 








200 

, 64.6 

66.2 

62.2 

66.6 

66.3 



400 

66.1 

65.6 

64.3 

56.2 

67.9 

8 

10.36 

600 

67.2 

74.6 

70.6 

67.4 

66.9 



600 

1 66.4 

! 76.4 

71.9 

67.9 

67.7 



1000 

69.0 

76.6 

72.4 

66.4 

68.2 



200 

67.9 

74.6 

66.8 

62.6 

61.7 



400 

69.6 

79.2 

74.4 

72.4 

71,0 

16 

11.40 

600 

92.0 

63.6 

62.0 

60.0 

76.6 



600 

92.9 

63.0 

61.7 

79.4 

78.6 



1000 

93.6 

64.6 

63.0 

61.9 

60.4 


Flocculation 

If dispersion is due to dissociation of the saloid, coagulation or 
flocculation must be due to the suppression of this ionization by a 
common ion effect. Flocculation of H clay by hydroxides of Ca, Sr, 
and Ba was studied in the first Instance. The concentration of the 
suspension was varied from 0.0826 to 3.246%, but the total amount 
of suspended clay in a given suspension was kept the same in all 
cases. The results, plotted in Figure 42, bring out the Interesting 
fact that with increased dilution larger amounts of the various hy* 
droxldes are required to bring about flocculation, and also that 
equivalent amounts of the various hydroxides are required to floc- 
culate the suspension. The results are as expected; for instance, 
since Increased dilution would lead to increased dissociation, larger 
proportions of the common ion would be required to suppress the 
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lonizauon to the point of coagulation Again. 

coagulation concentraUon of the various Ions, P. „_eater 

wiU be required when the volume of the ® __se 

(l.e., in dilute suspension, since the amount of clay in y 

was kept the same). 



Table 37. Base neutrallaing power of soils and 
F.V. for Ba(OH )2 


Soil 

No. 

T/2 value 
m.e. per 5 am. 

F.V. 

m.e. per 5 am. 

1 

1.215 

1.25 

2 

0.825 

0.95 

3 

1.060 

1.03 

4 

1.485 

1.07 

5 

1.395 

1.65 

6 

0.795 

0.76 

7 

1.460 

1.34 

8 

1.305 

1.34 


From these results* one would expect the flocculation to occur 
on the addition of an alkali to a H soil suspension only after the 
saloid formation has taken place, and it is the amount of the alkali 
atx)ve the equivalent point that would subsequently suppress the 
ionization of the saloid. This is well brought out in Table 37, in 
which the flocculation values for Ba(OH )2 for a number of H soils 
along with their T/2 values are given. 


SOIL CHEMISTRY 

If on the other hand we have a highly ionized Na saloid, a much 
larger amount of Ba(OH )2 will be required to suppress its ionlza- 
Uon, and the gradual addition of NaOH to a H soil will lead to a 
gradual increase in the F.V. value by Ba(OH) 2 . This will be clear 
irom Figure 43 m which the F.V. value for Ba(OH )2 is plotted 
against the percentage neutralization of the soil with NaOH takina 
the T/2 value as 100% neutralization. * 



Pgrcenteqe of Mo in the fxchonqe complex 


Fig. 43. Flocculation of Soils ConUlning Increasing Amounts of Na Saloid with 

Bs<OH)2 

Flocculation by acids is complicated by side reactions. If it is a 
H soil, some aluminum and iron are sure to be brought into solution. 
If it is a saloid, the acid must react with the cation and bring into 
solution a correspondii^ amount of the salt. Unless these side re- 
actions could be accounted for, no useful purpose would be served 
by this study. 

Flocculation by neutral salts Is also subject to. the exchai^e of 
one ion for the other, but such a study would be useful especially in 
the Ca-Na saloids, because flocculation and dispersion play an im- 
portant part in natural soils and these are the two cations that are 
chiefly concerned. 

Varying concentrations of clay suspensions were prepared by di- 
luting the H clays to various extents; the minimum concentration of 
CaCi 2 required to produce flocculation was determined in each 
case. The values are given in Table 38. 
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The results show that beyond a certain concentraUon. 
culation value becomes independent ol the concentratio th<»n 

H Says studied. The respecUve pH values of the H 
raised by the addition of NaOH and the flocculation 
determined. The results are included in Table . 

to those recorded in the case of H clays, except that very much 


Table 38. HfecI Of concentration td clay suspension on 
flocculation eaiuea 


Concentration of 
suspension 

(%) 


F.V. 

rellltequivsients per 

liter 

1 P.C. 123 1 

1 P.C. 172 

P.C. IBO 

H 

Ks<pH6.?) 

H 

Ha (pH 8.4) 

> H 

Na(pH9.4) 

0.35 

0.4 

MEM 

0.4 

2.8 

0.8 

3.0 

0.50 

0.7 


0.8 

8.0 

0.8 

5.8 

l.OO 

1.2 

10.4 

1.4 


l.S 

8.4 

2.00 

1.8 

11.0 

1.8 

10.0 

2.2 

10.4 

2.S0 

2.0 

11.0 

2.0 

1 10.4 

2.4 

10.4 



F%. 44. Effect of Adding bicreasing Amounts of NaOH to H Clays on the 

Flocculation Value of CaCl2 


larger amounts of CaCl2 required to flocculate the same con- 
centration of clay at higher pH value. This led to the study of the 
variation produced in the coagulation values when the H soil is 
gradually neutralized with an alkali. With this end in view, increas- 
ing percentages of NaOH were added to the K clays and the suspen- 
sions shaken for 48 nours, after which they were diluted to give 1% 
concentration. The coagulation values for CaCl2 were determined 
in each case. The results are plotted in Figure 44. 
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maximum coagulaUon value occurs is dif- 
ferent m ^fferent clays. From the UtraUon curves of these soils 

that"fh^^ni'^^^r” y^^e), is determined. It is found 

point and the point where the flocculaUon 
value is the maximum coincide. This will be clear from Table 39. 

Table 39. Relation between neulrilisation and maximum 

F.V. values 




Fl«. 45. Effect of Gradual NeutralisaUon of H CUy (P.C. 13) with Different 
Bases on the Flocculation Value of CaCl 2 


It appears from the foregoing that when the base -neutralizing 
power of a H clay is fully satisfied, further addition of alkali floc- 
culates it, instead of peptizing it. This merely shows that ioniza- 
tion of the Na saloid is maximum at the neutral point. As more 
alkali is added the effect of the rising concentration of the common 
ion is to reduce ionization and the F.V. decreases beyond this point. 

Similar observations were made by gradually neutralizing P.C. 13 
clay with KOH, NH4OH and Ca(OH)2 and determining the floccula- 
tion values as before. Results are plotted in Figure 45. The curve 
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to reduce the already feeble ionizaUon of „ the be- 

With Ca(OH)2 the nocculaUon value uicrepes ^ut Wtte th be^ 

ginning and soon after begins to fall. This is due to the y 
Ionization of Ca salold. 



CHAPTER XVn 

ELECTRODIALYSIS OF SALOIDS IN THE SOIL 

The method of separaUng crystalloids from colloids by diffusion 
accelerated by an electric current^ is known as electro dialysis. The 
term as applied to soils is a misnomer. In reality U is a simple 
case of electrolysis in which a saloid is split up into its component 
parts, namely, base and acidoid. As such it is no different from 
similar electrolysis of soluble electrolytes. 

The retention of the term “electrodialysis" in this discussion has 
the backing of extensive usage in soU literature and it is feared that 
a change might cause confusion. It is emphasized, however, that a 
recognition of the essential similarity between electrodialysis and 
electrolysis is essential for retaining a proper perspective of the 
phenomena to be discussed. 

The application of electrodialysis to soils Is chiefly due to Matt- 
son, who worked extensively on electrodlalyzed clays. An electro- 
dialyzed clay is a H clay or an acidoid, the properties of which we 
have already discussed. The Mattson cell consists of three com- 
partments separated by a semi-permeable membrane. This was 
modified by Bradfield, who introduced a two -compartment cell con- 
sisting of an Alundum extraction thimble, supported by a nickel 
cathode suspended in a specially constructed glass cell with a side 
arm. Several other workers introduced ingenious modifications when 
this subject was the fashion of the day. 

Actually an electrodialyzed soil could be produced much more 
easily and thoroughly by a simple treatment with a dilute acid; 
therefore, as a laboratory aid in routine analysis its use is limited 
and has rightly gone out of fashion. But as an aid to the fundamental 
elucidation of the behavior of saloids it has proved very valuable. 

One of the simplest and most easily constructed pieces of ap- 
paratus is shown in Figure 46. It consists of an ordinary glass 
funnel and a perforated copper cone, which serves as the cathode. 
The anode is a platinum gauze (a platinum wire shaped into a coll 
serves equally well) attached to a glass tube, held in a wooden 
cover, which also holds a V-shaped glass tube (not shown in the 
diagram) for circulating water. A filter paper is fitted into the 
copper cone as in ordinary filtration, and after the cone is filled 
with soil suspension the electrodes are connected with the electric 
main through a rheostat. 
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Insleadof a stout perforated bSt^aJ- 

rstl^;C^r b/ieJ. ISr soa Lt can .e treated 



Fig. 46. DUgram ot BlectroClUratiOft App^at^ 



Fig. 47. Diagram ol Apparatus for the Electrodialysis of Soils by the 

Rotating Electrode 

at a time depends on the size of the apparatus, for which th^**® ^ 

limit. Sometimes the filtration Is too rapid, and a stopcock attached 
to the funnel is required to regulate the flow. As opposed to ®l®c* 
trodialysis this apparatus could be more appropriately described 
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as performing electrofUtration, but essentially its funcUon is the 
electrolysis of soil saloids. 

This simple apparatus is capable of several variations. A 
Buchner funnel could be substituted for an ordinary funnel Its 
porcelain disc replaced by a metallic one which serves as the 
cathode. Its adaptation for a rotating electrode is shown In Fig- 
ure 47 . The use of the rotating electrode in ordinary electro analysis 
is well known. The advantage claimed for this type of electrode is 
that by causing it to route at a high speed, greater current intensity 
and higher voltage can be applied, giving more rapid separation of 
the respective metals. In this case the rotating anode is cone- 
shaped and is m^de from a perforated sheet or gauae of gold or 
platinum. It Is rotated at about 200 to 300 revolutions per minute. 
Currents as high as 0.5 ampere can be passed from the mains with 
a suitable sliding resistance. Currents higher than 0.5 ampere re- 
sult In too much heating. 

A comparison between the routing anode and a stationary one 
under identical conditions led to the following conclusions: 

(1) Blectrodialysls, as revealed by the percentage recovery of 
bases, Is quicker with the routing electrode than with the stationary 
one. 

(2) Different bases take varying lengths of time for displacement 
by the same current density. The order of their ease of displace- 
ment is Na>K>Ca>Mg. 

(3) There is very slight recovery of Mg, and it is doubtful if the 
total content could be recovered by electrodialysis within a reason- 
able time. 

(4) The volume of the electrodialyzate is slightly greater and the 
maximum temperature of the anode chamber slightly higher for the 
stationary anode than for the routing one. 

(5) Currents as high as 0.5 ampere can be passed using the rout- 
ing electrode, without too much heating. With this current, the 
splitting up of the saloid and recovery of the bases is complete In 
less than an hour. 

<6) The advantages of a routing electrode are greatly minimized 
when the anode is large. 

It is worthy of note that a large proportion of the alkali in the 
dlalyzate may be converted into carbonate, or even bicarbonate. 
This tendency is greater after electrodialysis has gone on for some 
time. Another point to be remembered is that the water used for 
electrodialysis should be tested for alkalinity. If the water is even 
slightly alkaline, appreciable error in the results can be introduced 
especially if the volume of the electrodialyzate is large, as fre- 
quently happens, and the toUl bases are not high. 

Electrodialysis has a limited value as a means of determining 
cations in soils, especially in the case of Mg, but the routing elec- 
trode has proved extremely useful in throwing light on a number of 
phenomena bearing on the mutual relationships between salolds. 
These are dealt with below. 
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S need Of Electrodialysis of DUferen t CaUons different for 

"It is well known inat the rate of ■_ anolicable, 

different cations in soils. If, however, Faraday si ^g^bining 

the masses that separate should be rec^ned in 

weights of the Ions. In other words, the quantities, if „.t„re 

terms of milliequlvalents, should be the same whateve 

ofthecationlnthesoil. This is actually not the case; for ins 

divalent ions are separated more slowly than These dif- 

there are differences among ions of the same valency, 
ferences may be due to either of the following causes: 

(1) The rate of electrodialysis may be governed by the state oi 
aggregaUonof the soil particles. The greater the dispersion of the 
soil, the greater the rate of electrodialysis. 

(2) The experimental conditions in an electrodialysis Y 

be such that the base, once separated, can 

moved instanUy. The rate of removal, however. 
by the dissociaUon, since current can be carried only ‘’V 

(1) State of Aggregation. It has been shown that the state of ^ 
gregation of soil particles is governed by the nature of 
bi the salold, sodium and lithium soils being completely dispersed 
and other ions imparting a crumb structure of varying degrees, it 
has also been shown that a fully dispersed soil remains as such ir- 
respecUve of the changes produced in the nature of the j 

provided it is kept in water and not allowed to dry. Thus » Na soil 
which is completely dispersed can be converted into a H sou oy 
treatmentwithO.OSNHCl.and will remain fully dispersed in the wet 
condiUon. This H soil can be shaken with different alkalies to pro- 
duce corresponding saloids, and in all cases the maximum asper- 
sion will persist. This fact affords a simple method of varying the 
state of aggregation of soil without changii^ its cations, and vt« 
versa. The effect of state of aggregation, therefore, can be tested. 

Electrodlalysls was conducted in the cell with a rotating anooe. 
Current was maintained exacUy at 0.1 ampere with the help of a 
sensitive ammeter and sliding resistance. The I 

base soils were prepared from a black cotton soil of high base 

equivalent: - * k 

(a) H soil neutralized with equivalent amounts of different bases 

and kept wet. ..... a .a*v 

(b) Same as (a), except that soils were dried after treatment with 

bases 

(c) k soil converted into Na soil, then again into H soil, the last 
neutralized with different bases and kept wet. 

(d) Same as (c), except that soils were dried after treatment with 
bases (dispersion varying accordii^ to the nature of the cation). 

A 5-gram portion of each soil was electrodialyzed for 5 hours. 
Hourly estimates of the alkali removed and the volume of the di- 
alyzate were made and everything else likely to influence the rate 
of electrodialysis was kept constant. 



Table 40. Electrodialyals of aiBgle«>baee soils 
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The results given in Table 40 show that in every case the differ- 
en«s In the rite of electrodialysis due to the due 

Ire maintained. Such differences, therefore, are defln j„ 

to the state of aggregation of the soU, *^1® large differ- 

the volume of the dialyzate obtained In *'?®Je*^fecovered 

encesin the amount of the dialyzate. ^he 'lu^‘‘2lMea^ to ^e con- 
is unaffected. This fact is rather important, as it leads to 

elusion that no advantage, as regards of filtration 

chamteablebases.couldbegainedby increasing the rate oi 
to^ectrodialysto. In Jact. it would be better to reduce the rate of 
filtration in order to obtain a more concentrated solution o* ^ . 

removed and to avoid analytical errors that might arise me g 

^X:te“rme1twasr‘ejeatedwith an artificial Per-tit-sed for 
water softening. Per mutltes are supposed to possess ^ oP®" 
tore; therefore, the question of state of aggregation does arise. 
The results giUn in Table 41 show that the differences due to the 


T»b}« 4). El*«lrodlAly«ks ol p^rnuUlM 


Tim* 

aodlua 

lUcovory 
biM O.IN 
iolutlon 

MrmutlU 

Vol. of olcctro- 
dlatmtp 

iuc9v*ry S 
bwo O.IM 
•olutlon 

armutiU — 

Vol. «< •l*ctro- 
fllAlTUt* 

lucoutry « 
bM* O.IN 

Aolgtiori 

Vol. o( •Icctro* 
dUlVB4tP 

Ui bpur 
Kour 
drd hour 
4th hour 

oc. 

34.64 

20.43 

13.06 

U.Od 

M 

cc. 

660 

1,366 

00$ 

664 

170 

eo. 

14.06 
10.63 
6.50 
6.00 
4.66 _ 

cc. 

1,066 

1.463 

1.340 

1,046 

1-660 

cc. 

11.16 

6.06 

6.36 
4.46 
0.66 

1,901 

1,460 

1.060 

1,300 

l-OiQ 

ptii hour 

Tottl 

00.46 

4.346 1 44.26 

7.T66 

36.66 

0.604 


natureof the cation are maintained. The hv 

powdered sUte. It was leached with CaCl2 and M^l2, 

leaching with water to introduce the corresponding ions. It is inter 

esting that the rate of filtraUon in Na permutite is less 

Ca or Mg permutite, though the state of aggregation must be sup- 

posed to be the same. It may be that Na renders the f'^J'face of the 

particles gelatinous, thus causing greater resistance to the passag 

°^^?fonic Activity. Wehaveseenthatexchangeratios. conductivity 
and dispersion all point to the fact that monovalent cations are more 
highly dissociated than divalent ones, and that the monovalent ions 
Na and Li far exceed others in the degree of dissociation. It is 

probable, therefore, that the varyii^ rate of electrodial^ysls is ac- 
counted for by the greater dissociation of Na ions, which leads to a 
greater conduction of electric current, which may be parUy dissi- 
pated as heat in other cases. This view is also confirmed by the 
fact that the rate of recovery of a base decreases as the electro- 
dialysis proceeds, and the soil reaction plays an important part in 
controlling the speed of electrodialysis. 
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At this stage an interesting possibility presented itself i.e. 
separating Ca and Na from a soil containing both, by differential 
electrodialysis. Soils of varying pH value and degree of alkaliza- 
tion were prepared from the H soil by neutralization with appro- 
priate amounts of various alkalies or mixtures of NaOH and CafOHlo 
^ preparing soils at different pH values, the amount of alkali 
kept constant, the amount of soil being varied. Therefore in any 
one experiment, though the quantity of soil varied, the amount of 
Na ion was the same. Current was kept at 0.1 ampere throughout 
the experiment and the alkali displaced was titrated every half hour 
The results are graphically represented in Figure 48. The total 



alkali recovered is plotted against successive time intervals in 
every case. It is seen that the rate of electrodialysis Increases 
with the pH value. This increase in rate, however, is generally 
confined to the first half hour, after which the various curves show 
virtually the same relative shift at different time intervals. This is 
easily understood when it is remembered that the pH value de- 
creases as electrodialysis proceeds, so that the rate of recovery 
tends to equalize in time. 

Separation of metals by electrolysis using the principle of graded 
potential is well known. An application of the same principle to 
the quantitative separation of cations in soil saloids is rather lim- 
ited because the low voltages required for such separation are not 
possible in the case of soils on account of the extremely low con- 
ductivity of soil suspensions. There is, however, the possibility 
that at low current densities a separation of the monovalent and 
divalent bases might be effected. It was felt that even if the sep- 
aration were not complete, a knowledge of the magnitude of the dif- 
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ferenceswouldbe of great interest in dealing with soils having vary- 
ing ratios of saloids of Na/Ca. For instance, the electrodialysis of 
such soils might throw light on the availability of theCa In them. 

As a preliminary to this study, the rate of electrodialysis of a 
Na soil was determined by the use of low currents. It was found 
that 66 to 70% of the total Na could be removed in 19 hours with a 
current of 0.005 ampere. The use of still lower currents was not 
feasible. Since electrodialysis at low current densities is likely to 
spread over a long period, involving a large volume of the electro- 
dialyzate and necessitating several titrations, the alternative method 
of estimating Na gravimetric ally was also considered. A compari- 
son with the values obtained by simple titration as hydroxide showed 


Table 42. R««overy of bases by eleelrodlalysts o( <Na «Ca)*colU at dinerent 
degrees of aUcaUtation, at pH 7, and wtUt current density of O.OOS ampere 
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that the gravimetric method gave essentially similar results, and 
as the soils contained no bases other than those under considera- 
tion, simple titration of the electrodialyzate furnished all the in- 
formation required in this connection. 

Two series of soils, of varying degrees of alkalization, one at 
pH 7 and the other at pH 9, were prepared for this study. Current 
was maintained at 0.005 ampere in every case throughout the ex- 
periment, which lasted for 33 hours. In the two series, 52 and 
76 m.e. of total alkali per 100 grams of soil were used to obtain 
soils at pH 7 and pH 9, respectively. These quantities were de- 
termined from the titration curves of the soils. The final pH values 
differed slightly from 7 and 9, but the variations were not consid- 
ered significant for the purpose of this experiment. The results 
are given in Tables 42 and 43. It will be seen that as the degree of 
alkalization increases, the amount of Na in the electrodialyzate in- 
creases, and the amount of Ca decreases. 
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Table 43. Recovery of baaes by eleetrodlalyala ol {Ka + Ca>>soils at different 
degrees of aUcallaation, at pH 9, and irlih current density of 0.003 ampere 
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The practical significance of these values will be clear from 
Figure 48» in which the Ca/Na ratio in the entire electrodialyzate is 
plotted against degree of alkalization. The two curves (for pH 7 
and 9) are essentially similar, but at the higher pH value the toxic 
ratio is probably reached at a lower degree of alkalization than at 
the lower pH value. 



Fig. 49. Relation between Degree of Alkalization and Ca/Na Ratio in the 
Electrodialyzate and Yield of Wheat 
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How the deficiency of Ca in soils of high alkalinity, which is re- 
flected in the low Ca/Na ratio in the elec trodialyz ate, may affect 
the crop yield is brought out by the curve showing the relation be- 
tween degree of alkalization and yield of wheat. The observations 
on yield trials refer to a reclamation farm (Montgomery) having a 
soil quite different from the one used for electrodialysis (see 
page 84). Thestrikingsimilarity of the curves emphasizes the fact 
that the fundamental cause of infertility of alkaline soils lies in 
the deficiency of available Ca. It is not unlikely that electrodialysis 
at low current densities may furnish a useful method of finding 
the relative availability of different ions, especially in alkaline soils 
in which deficiency of Ca is an important limiting factor in crop 
yield. Electrodialysis may be regarded as a diffusion of ions pro- 
duced by hydrolysis speeded up by electric current. The smaller 
the current, the nearer the process will approach ordinary diffusion 
and hence natural conditions. 

In the course of this investigation a question of considerable in- 
terest arose with regard to the relation between monovalent and 
divalent bases in the mixture of saloids. If an ordinary soluble* 
acid is partly neutralized with Ca(OH )2 and partly with NaOK, the 
resulting mixture is exactly the same, whether the one or the other 
alkali is used first for neutralization. It was of interest to know 
whether soil acldoidwould behave in a similar manner. In a hetero- 
geneous mass like the soil, it would appear at first sight not un- 
reasonable to suppose that the base added first might be the last to 
come out In the electrodialyzate. On the other hand. If the cations 
in the soil are mobile, the soil would behave like any ordinary buffer 
mixture and there would be no distinction, regardless of which 
alkali was added first. The speed of electrodtalysls of a (Ca and 
Na) soil seemed to offer a promising means of throwing light on 
this question. 

An H soil was partly neutralized with NaOH and shaken for 24 
hours. An equivalent amount of Ca(OH )2 or Mg (OH) 2 was then 
added, followed by shaking for 24 hours. Another set of soils, in 
which the order of addition of hydroxides was reversed, was sim- 
ilarly prepared. The final pH value of the soil was approximately 
6.70 in each case. The soils were then electrodialyzed by means of a 
current of 0.1 ampere. The results showed virtually no difference 
in the rate of electro dialysis for Na, Ca and Mg in the two sets of 
experiments. The cations in saloids, therefore, exist in dynamic 
equilibrium, and the soli buffer behaves in this respect like an or- 
dinary soluble buffer mixture. 

In most work on electrodialysis, no notice is taken of the temper- 
ature except that too high a temperature is avoided because of the 
possible side effects. In studying the effect of various factors on 
the rate of electrodialysis, it is necessary to know the exact part 
played by temperature. Single-base soils were electrodialyzed for 
2 hours at different temperatures, a current of 0.1 ampere being 
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used. The results, plotted in Figure 50, show that there is perhaps 
an optimum temperature, somewhere about 30®C, at which the rate 
of electrodialysis is maximum. This maximum is most prominent 
in Ca soils. It is difficult to find any valid cause for the maxima 
especially as the magnitude of the difference follows no definite 
order, though the convexity occurs at virtually the same tempera- 
ture in all cases. The results, however, are so regular that any 
possibility of side effects even at high temperature seems to be 
ruled out. It is clear from these results that the effect of tempera- 
ture on the rate of electrodialysis on the whole is so slight that no 
control of this factor appears necessary. 





Fig. so. Effect of Temperature on the Speed of Elec trodlaly sis 
Back- Titration Curves of Soils and Humates by Electrodialysis 

Electrodialysis offers a neat way of following the titration curves 
of ac Ido Ids backward, as known amounts of bases can be removed in 
regulated doses and pH value determined at each stage. The back- 
titration curve of a Ba soil by gradual addition of H 2 SO 4 has been de- 
scribed (page 10), and the error Introduced by the accumulation of 
BaSOd was pointed out. Hot only is electrodialysis applicable to all 
salolas, but the accumulation of any third substance is altogether 
avoided. The electrodialysis apparatus with the rotating anode used 
for this study was a slight modification of the one already described. 
It is shown in Figure 51. 

The single-base soils used in this study were prepared from a 
black cotton soil containing about 5% humus, which was destroyed 
by alkaline permanganate. As humus was studied separately, this 
procedure was considered necessary to get a clear idea of the be- 
havior of each. After the destruction of humus the soil was acid- 
treated and neutralized with different bases. All pH values were 
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determined with the glass electrode. Na soil was prepared by neu- 
tralizing the H soil to different pH values, and back- titration curves 
were determined in every case. With other bases only the highest 
pH value was taken. Five grams of each soil were used for electro- 



Flg. 51. Apparatus Used (or the Electrodialysis of Humates 

dialysis. The results are plotted in Figure 52 along with the forward 
titration curves of the H soil. The remarkable difference in the 
forward- and back -titration curves at first appeared difficult to ex- 
plain. It is seen that whatever the initial pH value of the Na soil, it 
falls rapidly to approximately that of the H soil, even when only 
50% of the base has been removed by electrodialysis. Further re- 
moval of the base produces but little effect on the pH value. This 
behavior is shown in a more striking manner where divalent bases 
are involved, especially with Mg soil, in which the pH drops to the 
lowest value when only 40% of base is removed by eiectrodlalysis. 

Elec trodialy zed soil has frequently formed the material of study 
by various workers when a H soil was required. The ultimate pH 
value of the reaction of the electrodialyzed soil has also acquired a 
certain amount of physical significance in soil literature. These 
results seem to show that unless electrodialysis is carried on for 
a very longtime and proper care is taken to watch the course of the 
reaction, this method of preparing K soil may easily lead to er- 
roneous conclusions. Dilute acid treatment, on the other hand, is 
not only quicker but more reliable. 
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The enormous difference in the forward - and back •titration curves 
was baffling until the following reasoning was applied: when alkali 
is shaken with soil, at least 48 hours are required for attainment of 
equilibrium; therefore, if alkali is removed from the soil, an equally 
long time must elapse before equilibrium can be established. The 
soil suspension was therefore shaken for 48 hours, after each in- 
cremental removal of alkali, and the pH value determined after 
shaking. The back- titration curve thus obtained very nearly coin- 
cided with the forward curve. 

The mechanism of pH changes in the soil due to the addition or 
removal of alkali may be visualized somewhat as follows: soil ag- 
gregates offer a good deal of resistance to their disintegration, and 

mAcx TiTnAXtoM ecwvc ^ 

MJiCH nTRAT$OM ♦ • 



Fig. $2. Forward and Back Titration Curves of Soils 


when alkali Is added to a soil consistii^ of such aggregates it at- 
tacks the particles nearest it. This results in an unstable state, 
andparticles on the inside of the aggregates slowly take up the alkali 
to produce a state of equilibrium. The same thing happens when 
alkali is removed: it comes out mostly from the particles on the 
outside, which slowly brings the alkali from the inside to equalize 
the pH value of all the particles. This view, if correct, leads to a 
veryimportantconclusion, namely, the dif fusibility of cations, which 
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leads to a uniform distribution of the cations throughout the soil 
mass. It follows also that if this equilibrium is disturbed by the 
removal of ions from one portion, migration of ions must result. 
In other words. If plants make use of these bases from the part in 
immediate contact with the root hairs, more of these bases must 
travel from other parts to make up the deficiency. Saloids there- 
fore behave like soluble salts in this respect. 

Rlectrodialvsis of Humates 

Humic acid and humates will be studied In a separate section. 
The object of including their electrodialysis in this section is to 
show the similarity in the behavior of soil acidolds and humates. 

TTTMATTOM » » 
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Fig. 53. Forward and Back Titration Curves of Humates 

Humates of Na, K, Ca and Mg were prepared by the addition of 
equivalent amounts of alkalies, followed by shaking for 48 hours. 
In one set of experiments alkali was removed continuously and the 
pH value of the residual humate determined. Ca and Mg humates, 
like the soil suspensions, were also shaken for 48 hours after every 
removal of alkali. In every case, 0.5 gram of the humate was taken 
for electro dialysis. The forward- and the back- titration curves are 
given in Figure 53. 
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The general similarity between the soil and humus curves is 
apparent. Likewise, the back- titration curves are identical with the 
forward curves, provided sufficient time is allowed for the attain- 
ment of equilibrium after the removal of any portion of the alkali. 
It is to be noted that Na and K humates show only a slight shift of 
the back-Utration curves, even without shaking. This is in con- 
formity with the view that humates of alkali metals are soluble in 
water. 

For the electrodialysis of humates of alkali metals, ordinary 
filter paper is not suitable. Good filter paper impregnated with 
collodion or parchment paper should be used. 

It is convenient at this juncture to point out that some of the 
alkali, especially the Ca and Mg, displaced by electrodialysis, 
sticks to the cathode and must be removed by acid treatment every 
time the alkali is determined. Simple titration of electrodlalyzate 
may lead to very erroneous results. For instance, as little as 10 
per cent of the Mg may come down in the electrodlalyzate, the rest 
adhering to the cathode. It is not unlikely that the slower rate of 
electrodialysis of Ca and Mg may to some extent be due to the fact 
that some of the hydroxide which remains on the cathode may again 
react with the acidold, giving a lower value for these ions. 

Reclamation of Alkaline Soils by Electrodialvsis 

The underlying principle of all the methods of reclaiming alkaline 
soils is the conversion of tne Na soil into a Ca or a K soil; this can 
be brought about by treatment with a Ca salt or an acid. 

The application of electrodialysis for reclaiming alkaline soils is 
a novel method which holds vast possibilities. Not only are no ex- 
traneous chemicals required, but the by-product is sodium hydrox- 
ide, which is of economic value. A very important feature of the 
process is the increased rate of percolation and opening up of the 
soil. The rate of percolation increases as soon as the electric cur- 
rent is switched on. 

Laboratory experiments were first conducted to gain experience. 
One was in a large Buchner funnel 18 inches in diameter, and the 
other In a wood box 2 by 3 feet. In the former the usual porcelain 
sieve of the funnel was replaced by a brass plate which formed the 
cathode. In the latter five types of cathodes were used: 

(a) iron pipe 2 feet long perforated all around; 

(b) iron pipe 2 feet long perforated on the upper surface only; 

(c) V-shaped wood pipe 2 feet long covered with thin perforated 
iron sheet; 

(d> V-shaped wood pipe covered with perforated brass sheet; 

(e) porous tube containing tubular wire gauze as electrode. 
Currents ranging from 6 to 14 amperes were passed for varying 
lengths of time and the experiments were successful on the whole. 
The most important finding from the laboratory studies was the 
increasedrateof percolation, which continued even after the current 
was turned off. 




135 


electrodialysis of saloids in soil 

Field experiments. A plot of land 15 by 15 feet was trenched all 
around. The trench was 3.5 feet deep and 1 foot wide. The cathode 
was an iron tube 6 feet long and 4 inches in diameter with perfora- 
tions at the top. This was buried in the soil to a depth of three feet 
by dicing a furrow from the center of the plot toward the middle of 
the trench, with a gentle slope to insure easy flow of water. A ridge 
about 6 inches high was made around the plot to maintain a certain 
head of water. The trench was filled with water, and a liberal 
watering was given at the top to bring about the Initial saturation of 
the soil, after which the water was pumped out of the trench. The 
anode was a sheet of iron 3 by 6 feet long, laid at the top of the 
moist soil block just above the cathode. After the initial saturation 
the plot was watered to a depth of 4 inches. A vessel was placed 
beneath the protruding end of the cathode in the trench to find the 
initial rate of percolation, which was practically nil. A current of 
22 amperes from a 220-volt main was passed through a suitable re- 
sistance. Alkali began to trickle almost immediately and soon 
formed a thin stream; 2.5 liters were collected in 45 minutes. The 
strength of the solution was O.IN. Rains intervened, and the ex- 
periment had to be discontinued. 


Fig. 54. Electro -Reclamation of Soil - Plan of Field Experiment 

One year later, the same electrodes were connected again. Dur- 
ing the intervening period the cathode had become choked; there- 
fore, when the current was switched on, the alkali did not come out 
until after an hour, and even then the rate of percolation was only 
300 cc an hour, which fell to 50 cc an hour when the current was 
turned off. The increase in the rate of percolation was very marked 
and was tested several times by switching the current on and off. 
The strength of the alkali coming out was 0.0 5N i^ainst O.IN obtained 
in the previous year. The soil, however, had been considerably im- 
proved by the first treatment and the rains that followed. To start 
with, the top 3 inches of soil contained 4.8 m.e. of Na saloid, which 
fell to 3.5 after 2 hours* treatment and to 2.8 on further treatment 
for 4 hours. The total current consumed was 5 units. 

Next, a field 17 by 50 feet was selected and trenched all around. 
The anode was a sheet of iron; and the cathode, a twisted wire rope 
about 1 inch in diameter (a rejected rope of a steam tackle), was 
laid on the drain on three sides. The plan of the experiment is 
shown in Figure 54. 
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A currentol 22 amperes with a terminal potential of 153 volts was 
passed through. When the anode was in position a, the total resist- 
ance was 7 ohms; at position b or c, it was 9 ohms. When the area 
Of the anode was increased about 5 times, the resistance fell to 2 
ohms. Increasing the area of the cathode did not have very much 
effect on resistance. Agood deal of water was standing in the drain 
B-C and in two hours the alkalinity of the water rose by 1 m.e. per 
liter. Because of a slope, there was not much water in the drains 
A-B and C-D. The alkalinity of a small amount of water collected 
in a puddle had increased by 6 m.e. per liter as a result of the 
passing of electric current. The alkalinity of the water around the 
anode decreased by 1.3 m.e. per liter. During 5 hours of electro- 
dialysis the soil had lost 0.6 m.e. of sodium in the saloid per 100 
grams in the top 3 inches. 

Before starting these experiments, there were grave misgivings 
as to the success of the method. It was argued that the soil would 
act as an infinite conductor, and all the electrical energy would be 
diffused. Practical trials, however, proved this supposition to be 
Incorrect. The method, it seems, holds promise of practical im- 
portance in other directions as well. During the process of electro- 
reclamation, phosphates and nitrates are likely to move to the upper 
surface, where they will prove useful to plants. This point and the 
effect on the microbiological population of the soil requires study. 
The application of CaS04 together with electric treatment is likely 
to prove more beneficial than without such treatment. A preliminary 
experiment in this direction showed a marked decrease in electrical 
resistance when CaS04 was applied. 

The economics of electro- reclamation have not been studied thor- 
oughly. They depend largely on local conditions, such as the cost 
of electricity and the value of the land, and must be estimated by 
individual workers. 

A point of considerable Interest, both theoretical and practical, 
arose from these studies, namely, the minimum moisture content 
of the soil at which electro dialysis can be carried out. 

The apparatus shown in Figure 55 proved satisfactory. Cylindri- 
cal blocks were prepared by pressing moist soil in a press. These 
couldbeheld in a clamping device which kept the two sides pressed 
between the electrodes to insure intimate contact. Two methods of 
studying the movement of ions seemed possible, namely: 

(1) Interposif^a wet filter paper pad between the cathode and the 
soil block. This pad could be separated at the end of the experi- 
ment and washed free of the bases removed by electrodialysis. 

(2) Pressing a similar block of a H soil against the block under 
study and joining it to the cathode. The H soil block could then be 
removed after a definite interval of time and analyzed for cations 
which had moved into it from the other block. The second method 
proved more satisfactory and was the one finally adopted. 

Single-base soils were prepared from a H soil by neutralization 
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with appropriate amounts of hydroxides. Ten grams of moist soil 
were pressed in the mold and kept over sulphuric acld^water mix- 
tures for several days until equilibrium was established. A number 
of similar sized soil blocks were prepared from 10-gram porUons 
of the H soUs and kept in desiccators along with the single-base soil 
blocks. The electro dialysis was carried out by making the electrode 
^conUct with the H soil block the cathode, and that with the single- 
base soil block the anode, in vacuum desiccators over sulphuric 
acid- water mixtures of the same humidity as that with which the 
blocks had been brought to equilibrium. This was done to insure as 
far as possible uniform moisture content of the block durii^ the en- 
Ure electrodialysis. It must be admitted that it would be impossible 
to maintain a uniform moisture content throughout the experiment be- 
cause the moisture is continuously moving from the saloid to the 
acidoid along with the bases. However, by conducting the experi- 
ment under vacuum in an atmosphere of definite humidity, it was 
believed that the bases would be moved toward the H soil by the 
continuous absorpUon of moisture by the cylindrical block. In fact, 
the whole phenomenon could be described as leaching of the bases at 
low moisture content. The H soil blocks were changed after every 
24 hours. The results are given in Table 44. 

Table 44. £l«ctrodlalysl$ of Na aoU blocks exposed to different humidities 


Time of 
•UcIrodUlysU 
(davsJ 

Current 

varUttonft 

fmlllUmra) 

Humidity 

1%) 

Initial 

molsbira content % 

Recovery of baae 

H aoll 

1 

Na aoll 1 

tm.e./iw gm. aoU) 

d 

to. to 100 

10 

8.30 

4.40 ' 

4.70 

3 

0.4 to 0.$ 

20 

6.78 

5.44 

5.11 

4 

0.5 to 1.65 

40 

0.45 

7.60 

17.70 

4 
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3.0 
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0.04 
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4 

O.S to 30 

70 

13.6 

14.20 

52.34 

3 

1.9 to $0 

80 

14.7 

19.31 
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Sodium soil blocks were used in the first instance. It was found 
that with 220-volt mains a current of more than 100 microamperes 
could not be passed when the soil was in equilibrium with 10 per 
cent relative humidity. The resistance of the soil block decreased 
considerably when it was brought into equilibrium with 60 per cent 
humidity, so that a current of 40 mllliamperes could be passed. 
For higher humidities the current was adjusted to about 30 milli- 
amperes by using external resistance. It was noticed, however, 
that the current passing varied a great deal, and toward the end of 
the 24 hours it fell to less than one- tenth of the original value. 
This fall is obviously due to the increased resistance of the soil 
brought about by the progressive removal of bases. 

It is interesting to note that even when the soil is in equilibrium 
with 10 per cent relative humidity, bases can be removed by elec- 
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trodialysis. The fact that the rate of removal Is extremely slow 
can be readily under stood when we remember that the current pass- 
ing is only a fraction of a milliampere. In other words, the con- 
clusion is inevitable that the moisture held by the soil at 10 per 
cent humidity is in no way different from that taken up at 
humidities. This point will be discussed at length In another 

E^ec trodialysis of Ca and Mg soils was carried out at 50 per 
humidity, in the usual manner. The experiment was repeated with 
a 1*1 mixture of Na and Ca soil as well as Na and Mg soil. The re- 
sults are given in Table 45. More Mg and Ca are removed when these 


XabU 45. Eleclfodlalysls of Na-, Ca. and Mg- soil blocks exposed to 50 
per cent relative homldlty. <Tolal period of elecirodlalyals: 4 days) 


Current pxssM 
Ihrough ihv blocks 
(mIkUampf) 

C»tion 

Baao 

rocovared 

left in 
Mil block 

Nature of aaloid 

0.7 to 18.0 

0.4 to 5.0 

1.5 to 15.0 

• 

0.5 to 5.0 

• 

Ca 

Mg 

Ca 

Ha 

Mg 

Ha 

10.25 

U.45 

18.0 

28.4 
11.28 

21.05 

55.45 

24.44 

4.4 

0.4 

11.6 

2.24 

Ca soil block 

Mg soil block 
<Ca * Ha) soil block 

<Mg Ha) soil block 
• 


elements are alone than when present with Na. The slower rate of 
electrodialysis of Ca and Mg soils as compared to Na soil has been 
commented upon In the foregoing. It is remarkable that the be- 
havior of soil In equilibrium with moisture at 50 per cent humidity 
is similar to that of a suspension as regards elec trodialysis. This 
fact not only emphasizes the continuity of the soil- water system 
down to extremely low moisture contents, but leads to the important 
conclusion that the diffusion of bases in natural soils would be pos- 
sible even when they are in the semi-dry state. It is interesting to 
note that in the case of Ca-Na and Mg-Na soils, comparatively less 
Ca is removed in the first 24 hours than subsequently when the 
major part of the Na has been removed. These results confirm 
the view that the toxicity of alkaline soils is due largely to the de- 
ficiency of Ca brought about by inability of this ion to diffuse out in 
the presence of Na ions. 

A comparison of Tables 44 and 45 will show that comparaUvely 
higher currents can be passed through a Na soil block than a Ca or 
Mg block. The slower rate of electrodialysis of the latter may be 
partly due to this cause. However, a comparison of results at the 
same current intensity leaves no doubt that divalent ions have a 
lower rate of diffusion than monovalent ions. The effect of current 
intensity on the rate of recovery of Na ions was shown in a striking 
manner in the case of a Na soil block electrodialyzed at 50 per cent 
humidity. 1.4 milliequlvalents of NaOH were recovered in 24 hours 
at a current intensity of the order of 60 to 100 microamperes, 
whereas 5.9milliequivalentsof thebase were recovered in the same 
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time when the current was raised to 1.8 to 2 mllUamperes. 

From the results ^iven in Table 45 the electrodialysis of Ca and 
Ca-Nasoil blocks does not seem to proceed in a regular manner in 
some cases, the rate of recovery showing an erratic value. This Is 
due to the extremely slow rate of electro dialysis. Each experiment 
had to be carried out over a long period during which the current 
varied greatly and even stopped altogether. No particular point 
could be gained by a repetition of the experiments under more rigid- 
ly controlled conditions, as it would not alter the fundamental con* 
elusions regarding the movement of cations in almost dry soils. 
For in nature air*dry moisture content would rarely go below that 
corresponding to a relative humidity of 10 per cent. Even though 
plants die even at higher moisture contents, the cations continue to 
move. 



CHAPTER XVm 

POLAROGRAPHIC CURRENT -VOLTAGE CURVES Al^ 
OXIDATION- REDUCTION POTENTIAL OF SOIL SALOIDS 

It is well known that every reduction takes place at a definite 
voltage which is characteristic of the respective substance, l.e., ite 
reduction potential. If the voltage of the electrolyzing current is 
lower than the reduction potential, no reduction takes place, 
consequently no current passes through the solution. When the 
requisite potential is reached, the current flowing through the solu- 
tion is directly proportional to the concentration of the reducible 
substance. This principle is extensively applied In the polarographlc 
estimation of metals. 

The essential parts of the apparatus required for this purpose are 
a mercury dropping cathode, a 6-volt battery connected to a po- 
tentiometer for adjusting a uniformly Increasing voltage in the 
electrolytic circuit, and a microammeter for reading the current 
flowing In the circuit. The current voltage curve obtained by gradu- 
ally increasing the voltage and noting the current at every step is 
characteristic of the nature and concentration of the ions in solu- 
tion As In all other respects soil saloids behave like soluble salts, 
a close analogy between the two sets of polarographlc curves would 
furnish another proof of the similarity of behavior between ions in 
true solution and those In monomolecular surface solution. Though 
an automatically operated polarograph is available on the market, 
a simpler apparatus that can be assembled from parts found in any 
laboratory is quite satisfactory for the purpose. The apparatus 
shown in Figure 66 consists of a mercury dropping cathode, a po- 
tential divider connected to a 6 -volt accumulator, and a microam- 
meter. Di the mercury cathode, factors such as the size and velocity 
of mercury drops, the strength of the solution and the dimensions 
of the vessel must be kept consUnt. 

A black cotton soil containing 52% of clay was used for these ex- 
periments. The current voltage curves for chlorides of Na, K, Li, 
NH4 Ca Ba and Mg were compared with soils neutralized with 
corresponding bases. The results are plotted In Figures 57 and 58 
for Na and Ca only, for the sake of brevity. Curves with other salts 
and corresponding soil saloids were exactly similar to those shown 
here, and illustrate in a striking manner the close analogy between 
saloids and soluble salts. 
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As H soil is only feebly ionized, very little current passes, even 
at 4 volts. As it is gradually neutralized, the sharp break at the re- 
duction potential becomes more and more apparent. This observa- 
tion is in agreement with the general behavior of weak acids, the 
salts of which are generally much more ionized than the acid Itself. 
The points in the earlier portions of the curves overlap so much 
that only two lines corresponding to the lowest and the highest con- 
centrations are given, for the sake of clearness. In the first por- 
tions of the curves of the chlorides a peculiar kink is noticed which 
is absent in the curves of the soils. No attempt was made to seek 
an explanation for this phenomenon, which is not Important for the 



Fig. SS. Diagram of Apparatus for the PoUrographlc Examinadon of Soils 
Another interestii^ point Is that soils with monovalent cations 
are more ionized and consequently give steeper current voltage 
curves than do soils with divalent cations. This is also in general 
agreement with the behavior of true salts. The data do not admit 
quantitative comparison of the degree of ionization of the various 
cations because, in spite of the precautions taken, fluctuations due 
to temperature changes and slight alterations in the drop time and 
in the distance between the electrodes are bound to occur. The ex- 
periments leave no doubt, however, as to the fundamental similar- 
ity between true salts and soil saloids. 

Oxidation -Reduction Potentials in Soils 

The fundamental equation involved in oxidation -reduction poten- 
tials is: 




OXIDATION-REDUCTION POTENTIAL 
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£, is the potential in volts, referred to the normal hydrogen elec- 
trode as aero, of the system under consideration; is a constant 

^Red j . 

characteristic of the system and equal to when the raUo ^oxj 


SOi>tU»t CML.OAfD€ 



SOOH/M SO*L 



Fig. 57. Polar (graphic Current- Voltage Curves for NaCl SoluUon and 

for Na-Soii 


unity. [Red] and [Ox] represent the concentrations of reductant and 
oxidant respectively, and£, t, n and f have their customary signi- 
ficance. 

The equation shows to be dependent on the ratio of oxidant to 
reductant, as well as on temperature and on the particular system 
under invest^ation. It is not generally realized that the ratio of 
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oxidant to reductant is the most important factor in the thermo- 
dynamic relation. Wherever a definite potential difference is to be 
established at the electrode, there must be in the system two 
species, one of which is the direct or Indirect reduction product of 
the other , and the ratio of their concentrations or activities must 






Fig. 58. Polar ographic Cur rent- Voltage Curves for CaCl 2 Solution and 

for Ca-SoU 

be of finite magnitude. Neglect of this principle Is not unusual in 
soli literature. It must be emphasized that a system that does not 
reversibly maintain a finite ratio of oxidant and reductant leaves 
the electrode functioning in a manner that prevents the interpreta- 
tion of any results obtained. Some potential will always be devel- 
oped when a clean platinum electrode is dipped into a soil suspen- 
sion, or in any solution or suspension for that matter; but unless 
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the thermodynamic equation can be satisfied by toe 

known components, the results will have no fundamental value an 

may be meaningless, if not misleading. 

The universal presence of iron in all soil systems ^ . 

ably be assumed, and all potenUals interpreted in terms my y 

tem Fe++-^ + E^sFe*****^; but we cannot avoid the possibility of 
parUcipatlon of other systems in dealing with a m^teri^ l^e so . 
The results in this case can be valuable and interpretable y 
characteristic data for one parUcular system can .^'^tyed whic 
preclude interference by another system. The relation betwee p 


and B, 


Is practically linear for a system in which the ratio 


constant. The relation Is complex when both this ratio and pH 


Table 46. Change Ift potential In mlUlvolU (slope) for wU change in pH 


Soil 

Me. 


Soil 

No. 

RinM 

Soli 

Ho. 

Slope 

M 

8«rl«» 


P.C. 

$erl« 


P.C. 

8«rl#4 


1 

8 

8 

4 

5 
g 

7 

g 

9 

10 

11 

12 

89.6 

66.7 

66.1 

44.4 

46.0 

63.1 

56.6 

51.6 

67.8 

60.3 

83.6 

46.2 

2 

4 

6 

7 

9 

10 

11 

12 

14 

17 

20 

21 

66.6 

37.4 

69.7 

56.4 

84.6 
46.9 

41.6 

60.8 

51.0 

55.1 

83.5 

47.6 

44 

48 

47 

46 

49 

80 

83 

84 

66 

87 

56 

GoUUn 

57.8 

66.7 

87.7 

39.3 
46.6 

67.5 

65.3 

86.6 
31.2 
61.0 
36.7 
66.6 

4 W 

13 

52.2 

86 

73.1 

Humic 1C id 

AA A 

A W 

14 

40.6 

27 

26.6 

Iron flllciti 

A A M 

A V 

IS 

46.0 

2$ 

26.6 

Aluminum lilicite 


16 

57.2 

89 

39.1 



17 

63.0 

30 

68.0 



16 

64.8 

31 

55.4 



19 

56.8 

33 

76.3 



20 

66.5 

39 

64.5 



change simultaneously, and to obtain a complete picture a figure in 
three dimensions is necessary. Fortunately In soils the only possi- 
ble system is Fe+++, which gives a constant potential tor a 

given ratio, irrespective of the pH value. On the other hand, the 
range of this system is limited, because at high pH values iron is 
precipitated. We are therefore confronted with a dilemma in the 
case of soils. 

The thermodynamic relation might be satisfied by the fundamental 
equation for the system Fe^+, Fe++, but the quantity of iron that 
can remain in solution above pH 5.0 becomes so small that the sys- 
tem would cease to function as such. In an actual experiment with 
a black cotton soil shaken with buffer solutions of increasing pH 
values, the amounts of ferric and ferrous iron broi^ht into solu- 
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tionat a pH value of 0.65 were 0.1333 and 0.1167, respecUvely, per 
100 grams of soil. These amoxints fell to 0.000067 and 0.010 at a 
pR value of 5.2. As this pH range is almost never found In natural 
soils, we are forced to the conclusion that this system plays no part 
in determining the oxidation- reduction potentials in natural soils. 
However, by eliminating extraneous influences, it might be possible 
to Interpret the oxidation- reduction potentials in soils in terms of 
some known system. 

A number of H soils were shaken with increasing amounts of al- 
kalies and the relation between pH and was determined. This 
relationship is found to be linear for all soils, irrespective of the 
nature of the alkali used for titration. Some typical curves showing 
this relation are given in Fig. 59. The slopes of such straight lines 
for a number of soils are given in l^ble 46. 



Fig. 59. Relation between pH and E|, of Single-Base Soils 
They Indicate millivolts of change in potential for every unit 
change In pH. These values were obtained by the method of least 
squares, though a less accurate value could be obtained graphically 
by fitting a straight line to the pH-F^ values. It will be seen that 
the mean value of slope for all the soils is equal to 53.4 milli- 
volts. In a metallic hydrogen electrode, according to Nernst, 
the electrode has a tendency to emit hydrogen ions Into the solution. 
On the other hand, the hydrogen ions of the aqueous solution have a 
tendency to settle on the metallic surface. One or the other ten- 
dency prevails, according to the concentration of hydrogen ions In 
solution. The potential of such a metallic platinum hydrogen elec- 
trode shows a change of 58 millivolts for a unit change in the pH 
value of the solution. 



OXIDATION-REDUCTION POTENTIAL 

Exactly the same thing happens In a K soil in which the tendency 
for the hydrogen ions to be liberated and to diffuse into the 
solution is even greater. This tendency is gradually dim Ini shea a 
the acidold is neutralized with a base. Thus the thermodynam 
relation is the same and the average value of 5S.4 is 
close to the theoretical value of 58 millivolts. It is also . 

not only is the relation substantially correct for soils, but otne 
substances, like gelatin, humic acid and iron and aluminum silica * » 
all of which behave as acidoids, give a straight-line 
between pH and ft. The slopes of these lines are Included InTaoie 
46 and show an average value of 54, which again is very close 
theoretical. 



Fig. 60. Stabilliatlon of pH-Ek ReUUooship by CUy and Artificial ZeoUte in 

suffer Solution 


It will be seen that the thermodynamic relation does not Include 
any factor relating to the quantity of the acidoid, and therefore the 
pH“ g. relation should be independent of the concentration of the 
soil suspension. A novel application of this principle is that a small 
quantity of an acidoid could be used for stabilizing the pH- relation 
of an ordinary buffer. This will be clear from Figure 60, which 
gives the pH-£/, relation in a series of buffer solutions before and 
after the addition of small amounts of clay suspension and finely 
powdered zeolite (sodium aluminum silicate). The quantities of 
clay and zeolite added were so small that the pH value of the buffer 
was not affected, yet the potential was stabilized. It will be recalled 
that only a small quantity of quinhydrone is required to stabilize 
the relation in a solution, and this principle forms the basis 
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of pH determinations by the quinhydrone electrode. Similarly, a 
small quantity of a colloidal solution that behaves as an acldoid 
could be used for measuring the pH value of soluUons. The possi- 
bility of developing such an acldoid electrode for pH measurements 
should be explored by other investigators. Such an electrode vrould 
cover the alkaline range up to pH 10, and would thus be superior to 
the quinhydrone electrode. 

With such perfect relaUonship between pH and , it is hardly to 
be expected that the measurement of oxidation- reduction potentials 
in natural soils could lead to results of any greater value than those 
that could be obtained by pH measurements. 

The fact that there Is an appreciable difference of potential be- 
tween two soils neutralized to a different extent leads to another 
interesting speculation as to the cause of ionic movements in soils. 
The mechanism of utilization of saloids by plant roots is still ob- 
scure. Two pointers toward a possible explanation may emerge 
from this study. The pH value of the cell sap in the roots is always 
kept low by the CO 2 that is produced. This pH value can be sta- 
bUlzed by the colloidal matter acting as acldoid, thus setting up a 
potential difference on the two sides of the cell wall, driving the 
cations from the soil saloids into the cell sap. 



CHAPTER XIX 

ACTION OF CARBON DIOXIDE ON SOILS 

Carbon dioxide plays an important role in the economy ol nature. 
Not only is it the means of transporting carbon from one place 
another, but by its acidic character, it causes the movement oi 
minerals, the weathering of rocks, and the release of plant nulrien 

Two things are important in Investigatlj^ the action of 
soils: control of the partial pressure of CO 2 and control of me 
nature and amount of the saloids in the soil. The former Is 
pushed by the help of gasometers and the latter by simply neumalls- 
ing a H soil with different bases up to various pH values. The air 
containirw COsls forced through the soil suspension held m a funnel 
with a sintered glass disc. Two sUndards were adopted: namely, 

1 per cent COg and 100 per cent COg. ^ 

The main effect of CO 5 on soils; and the one that is of 
interestfrom the pracUcal point of view, is associated wim "^ora- 
tions in the soluble salts and in the pH values. Twenty-live soils 
were used for this study. Only COo was passed through the suspen- 
sion, which had a soil -water ratio of 1:10. The pH values de- 

termined with the glass electrode. The results, given In Table 4^, 
show that the soluble salU increased and the pH value decreased, 
the extent of the change being different for different soUs. The 
ratio of the pH values before and after the passage of COo is, how- 
ever, fairly constant (approximately 0 . 1 ) but is slighUy higher for 
soils containing no CaCO, than for calcareous soils. The raUo of 
soluble salts before and ater treatment is not cons^t. There is 
some IndicaUon, however, that this raUo is higher for carlwnate- 
free soils than for those containii^ CaCOa* The effect of CO 2 on 
soluble salts is similar to that of soils. Results with a few salts are 
Included in Table 47 and the ratio pH 2 /pH is of the same order as in 
the case of soUs. AcUon of CO 2 on acidoid progressively neu- 
tralized with different bases was studied by passing CO 2 through 
suspensions. The results are given in Table 48. 

It is seen that Na soil is not flocculated by CO 2 . At lower pH 
values the flocculation is only partial. The ratio of pH 2 /pH de- 
creases as the original pH Increases, irrespecUve of the nature of 
the base in the soil. 
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Tftblo 47. Effect of CO; oo pU ond on soluble sslta of soils 
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1 

11.30 

34.25 

8.06 

5.70 

0.70 

0.26 

0.75 

2.88 

2 

S9.35 

5.0 

7.90 

5.64 

0.71 

0.42 

0.66 

1.57 

J 

62.2 

0.5 

7.37 

5.22 

0.70 

0.078 

0.40 

5.12 

4 

15.2 

1.0 

8.48 

5.6 

0.66 

0.11 

0.5 

4.54 

S 

12.3 

I. $7 

8.8 

5.9 

0.67 

0.078 

0.66 

8.46 

6 

28.4 

0.0 

5.42 

4.25 

0.78 

0.26 

0.70 

2.69 

7 

21.8 

6.5 

9.46 

5.8 

0.61 

0.93 

1.6 

: 1.93 

6 

25.2 

0.75 

7.7 

4.7 

0.61 

0.13 

0.44 

3.38 

9 

21.6 

i 0-0 

5.6 

4.4 

0.76 

0.084 

0.1$ 

1.78 

10 

35.6 

1 1.12 

7.9 

5.2 

0.65 

0.198 

0.73 

3.68 

11 

32.8 

' 2.5 

7.5 

5.2 

0.69 

0.18 

0.93 

5.16 

12 

7.2 

0.0 

5.9 

4.1 

0.69 

0.27 

0 36 

1.33 

U 

58.9 

t.S 

7.5 

5.0 

0.66 

0.16 

0.54 

3.37 

14 

21.5 

0.0 

5.57 

4.8 

0.86 

O.OS 

0.18 

3.60 

15 

22.4 

0.25 

7.14 

5.1 

0.71 

0.28 

0.45 

1.60 

16 

8.7 

1.87 

7.6 

5.35 

0.70 

0.20 

0.66 

3.30 

17 

14.1 

0.5 

7.3 

4.8 

0.6$ 

0.30 

0.49 

1.63 

18 

22.6 

0.12 

5.62 

4.48 

0.79 

0.09 

0.15 

1.66 

19 

42.6 

1.0 

7.27 

5.22 

0.71 

0.22 

0.44 

2.00 

20 

8.1 

0.12 

5.74 

4.32 

0.75 

0.07 

0.14 

2.00 

21 

13.5 

2.87 

7.2 

1 5.4 

0.75 

0.22 

0.68 

3.09 

22 

15.1 

0.12 

5-9 

4.74 

0.80 

0.11 

0.23 

2.09 

24 

9-7 

1.75 

7.32 

5.42 

0.74 

0.13 

0.82 

6.30 

25 

4.0 

0.0 

5.8 

5.8 

1.0 

0.05 

0.29 

5.80 

26 

22.5 

0.0 

6.4 

5.8 

0-79 

0.16 

0.29 

1.81 

Sodium ocoute .... 
Sodium bibontc .... 
Sodium untc, . . 
Sodium co/bonote. . , 


7.6 

8.86 

8.92 

10.7 

5.77 

6.66 

6.64 

6.92 

0-75 

0.75 

0.74 

0.65 

1 

— 
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Carbon Dioxide In Soil Reclamation 

The action of CO2 on soils at once raises the question of the role 
of COo in the reclamation of alkaline soils. Alkaline soils have the 
following characteristics: 

(a) high content of sodium saloid; 

(b) high pH value; 

(c) a state of deflocculation or dispersion. 

Reclamation of such soils naturally brings about a change in the 
reverse direction. We shall therefore see to what extent these 
changes can be brought about by CO2 in soils of varying degrees of 
alkalinity. Calcium carbonate is an important constituent of the 
majority of alkaline soils; the action of CO2 therefore was studied 
with and without CaC03. 

Soils of varying degrees of alkalinity at different pH levels were 
prepared by neutralizing the H soil with varyii^ quantities of 
Ca(OH)2^NaOH mixtures of appropriate strength. The results as 
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expressed in terms of the percentage of sodium in the total bases 
(Ca and Na) present In the soil are given In Table 49. 

Tibl« 49. Effect of CO 2 on sot Is of different degrees of slkaltnlty 
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The following conclusions regarding the action of CO 2 on alkali 
soils are drawn as a resxUt of this study, (a) There is a substantial 
decrease in the pH value at all degrees of alkalinity, as indicated 
by the percentage of NaOH in the mixtures of hydroxides, (b) At 
low pH values flocculation occurs at all degrees of alkalization. 
When the pH value is high, flocculation faUs to take place at degrees 
of alkalinity higher than 60 to 80 per cent, (c) In the presence of 
CaCOs, a large amount of Na saloid is converted Into Ca saloid 
with the production of sodium bicarbonate, which can be leached out, 
resulting in a substantial reduction in the degree of alkalization. 

The laboratory results are substantiated by a number of field 
observations on alkaline soils. It was found that in a rice field the 




• A* 


8 




Fig. 61. Relation between Yield of Rice and Depth of Kankar Layer 


pH values of soil samples taken from near the roots were lower by 
more than 1 pH unit than those of the soil taken from some distance 
away. Similar results were obtained in a field under grass. 

The morphological characteristics of alkaline soils In the tropics 
are not sufficiently defined to serve as a basis of soil classification; 
for this purpose physicochemical measurements are more suitable. 
A typical profile consists of three well marked layers: (1) an upper 
highly alkaline layer, compact and impervious; (2) alayer of medium 
alkalinity containing CaC 03 nodules (calcareous layer); (3) a layer 
with a lower alkalinity and higher permeability than (1) and (2). 
Below the third layer sand usually occurs; from an examination of 
several profiles it was concluded that alkalinity decreases from the 
surface downward, and there Is generally a sharp break in the cal- 
careous layer. The soil underneath the calcareous layer has a 
lower alkalinity and clay content than the layers above. Calcium 
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saloids vary in the opposite direction; they are generally low in the 
surface layer and increase with depth. . 

A close examination of these profiles throws considerawe i g 
on the mechanism of CaC03 formation In alkaline soils. The o - 
servedfactscanbe most satisfactorily interpreted by the hy^thes 
that the underground water containing calcium bicarbonate in solu- 
tion deposits CaCOs on coming into contact with alkaline Na clay. 
At the same time Na clay is converted into Ca clay and the so mum 
carbonate thus formed travels upward, increasing the alkalinity oi 
the upper soil layer. In extreme cases this may reach the surface. 
The replacement of Na by Ca In the clay, which accompanies the 
calcareous layer formation, Is a process that may be regarded as 
the natural regeneration of alkaline soils. 

It follows from the above that the nearer the calcareous layer is 
to the surface, the farther this regeneration has been carried up- 
ward. Inother words, the nearer the regenerated soil is to the sur- 
face, the more readily it would respond to artificial methods of 
reclamation. A confirmation of this view was obtained from a study 
of soil profiles from a Reclamation Farm in the second year from 
the commencement of reclamation work. The yield of rice from the 
various sub-plots shows a good correlation with the depth of the 
calcareous layer from the surface. This will be seen from Figure 
61 . 



CHAPTER XX 

MEASUREMENT OF pH VALUES OF SOILS 

One of the most important measurements in soil chemistry is the 
determination of the pH values. As has been pointed out before, 
the pH values of natural soils represent single points on their titra- 
tion curves and thus fix the saloid-acidold ratio, which defines com- 
pletely the behavior of the mixture as a weak electrolyte. Although 
all students of modern physical chemistry are familiar with methods 
of measuring the pH values of solutions, a brief description of the 
various methods may be useful. (The methods may be .considered 
under two main heads - electrom^ric and colorimetric) 

Electrometric Methods 

All electrometric methods depend on the potentiometric measure- 
ments of the E.M. F. developed when the various .electrodes are 
dipped in the solution under examination. This E.M.P. results from 
the difference of electrical potential between the electrode and the 
solution, the magnitude of which depends on the concentration or 
activity of the H ions in solution, and the electrolytic solution pres- 
sure of the electrode. The quantitative relation between these two 
factors and the potential of the electrode has been worked out by 
Nernst. 

Hydrogen Electrode . A noble metal coated with platinum black 
which will hold large quantities of hydrogen behaves like a hydro- 
gen (H) electrode. In other words if we have two H electrodes in 
two solutions differing in pH value by one unit, the difference In 
potential between the two will be 59 millivolts. We can, therefore, 
have a simple arrangement by which a solution of known pH value 
is used against an unknown. The E.M.F. of this will enable us to 
calculate the pH value of the unknown. Instead of setting up two 
H electrodes, one of which is a known standard, it is generally 
more convenient to replace the standard H electrode by a more 
permanent ^ half cell”, such as the calomel electrode. This is an 
electrode of mercury covered with calomel in the presence of KCl 
solution, which may be N/10,N, or saturated, the last-named strer^th 
being most widely used. If this saturated calomel electrode is 
used, a tube containii^ saturated KCl is led directly to the solution 
in the H electrode vessel. The mercury of the calomel electrode is 
0.246 volt more positive than the platinum of the normal H elec* 
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trode; therefore the pH value of a solution using the calomel elec 
trode is given by 


pH 


Observed E.M.F,~0.246 
0.0591 

The actual measuremait is carried out by uieans of a 
meter and a sensitive galvanometer. For very accurate ^ 
lamp- scale galvanometer is used; for most purposes 
galv^ometer is quite suiUble. Hydrogen is constanUy bubbled 
trough the soluUon and over the electrode during measurement. 
The electrodes should not be left in the circuit for more inan an 
instant and for this purpose a tapping key is used. For less - 
curate work, especially for electrometric titrations, the ‘ 

meter -voltmeter method is used, with a suitable rheostat 
of a potentiometer. An accumulator sends a current across the 
rheostat, in parallel with which is a sensitive voltmeter, ^^en the 
slidlf^ contact has been moved to the position which indicates th 
no current is passing through the galvanometer, the potential dii- 
ference corresponding to that of the test cell is read off from the 

The hydrogen electrode is the ultimate standard of all measure- 
ments of H ion concentration, whatever method may be 
practice. All other electrodes must be checked and calibrated with 
the help of the H electrode. For practical purposes, however, its 
use is very inconvenient. Not only is the electrode likely to 
erratically or go out of action without any apparent cause, but the 

constant stream of hydrogen is difficult to maintain for routln^e work. 

Search for a more convenient method resulted in the other well 

known electrodes. , . 

Quinhydrone Electrode. The oxidation- reduction reaction which 
takes place between hydroquinone and quinone could be used to 
measure pH value by dissolving some quinhydrone in the solution 
under examination and measuring the potential established between 
the solution and some unattackable metal, such as gold or platinum, 
by connecting the solution to some standard electrode through a 
saturated KCl bridge. Insteadof using a standard calomel electrode, 
it is often more convenient to use another quinhydrone electrode in 
a buffer solution of known pH. In this case 


The value of K depends on the pH of the buffer solution used as the 
standard quinhydrone electrode. , • 

Glass Electrode. If we regard soft soda glass as a solid solution 
of silica in glass, it can behave like a H electrode because the H 
ion concentration of the glass phase is held relatively constant by 
the buffer acUon of the glass. If two solutions having different con- 
centrations of H ions are separated by a thin glass wall, there 
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exists a difference in potential between them urging the movement 
of H Ions through the glass in one particular direction, and 

E,M.F. » 0.058 (pH2-pHi) 

where pH| and pH 2 are the pH values of the solutions on the two 
sides of the glass septum. In practice a thin bulb of special soda 
glass is filled with a solution of known pH value, into which is dipped 
a special calomel electrode with a minute hole for electrical con* 
nection. This glass bulb is dipped in the solution under examination 
and connected with a calomel electrode through a KCl bridge as 
usual. On account of the extremely low conductivity of glass, special 
potentiometers with valve amplifiers are used to amplify the cur* 
rent. 

Metal Oxide Electrodes. A metal electrode dipping into a solution 
in which some of its oxide is placed so as to saturate the solution 
with the hydroxide sets up potentials depending upon the pH value of 
the solution. Its potential alters by 58 millivolts for a change of one 
pH unit./ Some metals are so readily oxidizable that they become 
covereawith an oxide film as soon as they are dipped in a solution, 
and thus behave as hydrogen electrodes, e.g. , Al, Zn, Cd andSb. 
Of these only the last has found extensive practical application. A 
clean, polished antimony rod is dipped In the solution under examtna* 
tion and connected to a calomel electrode with a KCl bridge as usual. 
The antimony electrode is first calibrated against some standard 
electrode. Instead of a calomel electrode another antimony elec- 
trode in a buffer solution of known pH value can be used for meas- 
urement. 

Colorimetric Methods 

The colorimetric determination of pH value is based on the prin- 
ciple that if an indicator added to different solutions assumes the 
same transition shade the solutions are supposed to have the same 
pH value. To the solution the pH of which has to be determined, a 
measured volume of a suitable indicator Is added and the color 
compared with that of the same Indicator in solutions of known pH. 
The method, therefore, depends upon the correctness of the standard 
reference solution and the choice of the indicator. Standard buffer 
solutions for colorimetric work generally consist of mixtures of 
some acids and their alkali salts. The best known are those de- 
signed by Clark and tubs, and are composed of phthalates, phos- 
phates and boric acid. Reference may be made to the universal 
buffer mixtures, the best known of which is that by Prldeaux and 
Ward. It gives a pH range from 2 to 11.8 and consists of a mixture 
of phosphoric acid, phenyl acetic acid and boric acid. A selected 
set of indicators, mostly derivatives of sulphonphthalelns covering 
the entire pH range, is used. Usually 2.4% stock solutions of the 
dye are kept and these are diluted when required. The diluted solu- 
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tion is used for testify, for which purpose 5 drops of 

added to 10 cc of the solution are sufficient, and this ratio is p 

^ The first step toward f indii^ the pH value of an unknown 
is to determine its approximate pH in order to ^ 

which range it lies and which inicator should be used. Th^ c 
be done by the use of what is known as universal indicators. Having 
ascertained the approximate pH of the solution, we proceed to its 
exact estimation. For this purpose one of two procedures may be 
adopted: namely, (a) with buffer solutions and (b) without bufie 

solutions. , . 

(a) For this purpose resistant glass test tubes of convenient size 

are used; these can be held in a comparator for color matching. 
The test tube containing the unknown solution with 5 drops oi the 
approximate Indicator is compared with a series of buffer solutions 
covering the approximate range of the unknown and treated in 
ly the same manner. Sometimes sealed test tubes colored with the 
indicators are used for matching. 

(b) This method is based on the principle that within the pH 

of any indicator its color depends on the proportion of the acid and 
alkaline shade of color. Thus the color of the unknown solution with 
an indicator is compared with the increasing proportions of the acid 
and alkaline colors of the same indicator. This can be done by fill- 
ing the two forms of the indicator in two glass wec^es of equal size 
placed in such a position that they can be moved up and down; thus 
the various ratios of the acid and alkaline forms can be viewed in 
small segments and matched with the unknown solution. Reference 
may be made to other methods useful for approximate work, 
the transition colors of various indicators are imitated by suitable 
mixtures of stable colored salt solutions or colored glass discs. 

All these methods have been applied In the case of soils and have 
been found satisfactory in varying degrees. A careful examination 
of the literature would indicate that the fault does not lie in the 
methods but in the fact that soil acidoids and saloids, though behav- 
ing In every way like soluble acids and salts, have certain peculiari- 
ties, which must be taken into account when recommending a par- 


ticular method. 

We must not forget that soil acidoids and saloids are weak elec- 
trolytes, and as such must be sensitive to slight variations in ex- 
perimental technique, such as soil- water ratio; the nature and 
amount of salts; the presence of CO 2 lb the water; the time of shak- 
ing with water, etc. The effect of CO 2 we have already discussed; 
the time of shaking has been shown to be 48 hours for all studies of 
pH measurement in connection with titration curves. A slow pro- 
gressive chaise may still be going on after even 48 hours’ shakii^. 

The influence of salts and soil-water ratio on soil reactions has 
been studied by several workers. Most of this work relates to 
natural soils, in which the nature of the saloids and the soluble 
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salts present were unknown entities. The results, therefore, were 
bound to be erratic. 

Since the pH value of a soil is due to the surface ionization of the 
acidoidand the hydrolysis of the saloids, it is reasonable to suppose 
that the presence of a salt (common ion) would reduce hydrolysis 
and result in lowering the pH value. On the other hand, since the 
ionization is confined to the surface, mere dilution In the absence 
of salts may have no marked effect on the pH value of the suspen* 
Sion as a whole. The experimental evidence in support of this con« 
tention was derived from experiments with H soils neutralized to 
different pH values with various hydroxides. The pH values were 
determined by the glass electrode. 

Effect of Soil-Water Ratio 

The results of the study of the effect of soil^water ratio, given 
in Table SO, show that the same pH is obtained for a given soil even 

l^bl* 50. £(f«ct of sotl*wat«r nUo on pH of stn|le*t>ue Mill 


MIL.VATU 
ft* no 

1 

X 

, 1 

4 

1 

S 

« 


pB m/mi ^ 

1:5 

5.70 

6.44 

9.16 

9.94 1 

10.36 

1 « 1 1 

t:6 

$.64 

6.42 

9.16 

9.63 1 

10.36 

* * * 1 

1:7 

5.63 

6.43 

9.14 

9.75 

10.34 

» 4 * « 

1:5 

$.63 

6.42 

9.16 

9.76 

10.36 

* . * « 

1:10 

5.63 

6.43 

9.22 

9.79 

10.36 

, « , • 

1:12 

5.63 

6.40 

9.16 

9.62 

10.38 

* * 4 « 

1:14 

5.63 

6.71 

9.11 

9.80 

10.40 

, ^ , 

1:10 

5.66 

6.46 

9.19 

9.65 

10.39 

1 1 ^ 

1:25 

5.81 

6.46 

9.16 

9.67 

10.36 

, , , , 

pB ^ K-i9U 

1:5 

4.60 

6.06 

7.40 

8.61 

MEM 

9.86 

1:6 

4.50 

5.66 

7.26 

6.70 

MM 

9.88 

1:7 

4.50 

5.69 

7.06 


WM 

9.86 

1:6 

4.50 

5.66 

7.10 



9.67 

1:10 

4.50 

5.69 

7.13 


9.41 

9.90 

1:12 

4.50 

5.71 

7.26 


9.46 

9.90 

1:14 

4.56 

5.69 

7.15 



9.94 

1:19 

4.56 

5.71 

7.37 

6.56 


10.00 

1:25 

4.60 

5-70 

mm 

6.86 



PB 99ltUS 

1:5 

4.62 

5.76 

5.64 

6.2$ 

7.10 

6.75 

1:6 

4.59 

5.22 

5.60 

6.24 

mBiM 

8.73 

1:7 

4.53 

5.23 

5.62 

6.26 

Botfl 

6.62 

1:6 

4. S3 

5.20 

5.60 

6.26 

B2Sfl 

6.62 

1:10 

4.64 

5.27 

S.62 

6.26 

BSB 

6.59 

lTt2 

4.70 

5.25 

5.61 

6.29 

MS 

6.69 

1:14 

4.65 

5.24 

5.64 

6.26 

7.16 

6.60 

1:19 

4.62 

5.21 

5.64 

6.54 

7.11 

6.56 

1:25 

4.66 

5.30 

5.62 

6.33 

7.16 

6.S6 
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when the soil-water ratio is varied from 1:5 to 1:25. Erratic 

occur here and there, but they do not in any on 

conclusion: that even a five-fold diluUon has virtually . . 

soil reaction. It is noteworthy that other workers 

the effect of soil-water ratio is greatly reduced in magnitude w 

the soil is leached with water and redispersed after most ot w 

soluble salts have been removed. The results with soils neutraliaea 

to higher pH values are of interest, because in these 

amount of hydrolysis might be expected as a result of dilution, o 

even in them the effect of dilution Is not noticeable. 


Fffect of Salts 

— The effects salts was studied by using chlorides of various Ions, 
the corresponding metallic chloride being used for every caUon in 



CC.9^ff 

Tie 62 Etfect of Magnesium, LlUkhim, StronUum, and Barium Chlorides 
on the pH Values of their CorresDondlng SoUs 
the soil. Ten-gram portions of soils at different pH values were 
suspended In 50 cc of water and normal solutions of the correspond- 
ing chlorides were added In 1-cc lots up to 50 cc. The addition of 
these solutions undoubtedly caused some dilution of the suspension, 
but as we have seen that diluUon alone has no effect on pH, this was 
ignored. It was also ascertained by direct experiment that resuite 
are substantially the same when increasing quantities of salts in the 
solid state are added. Results for Mg, Ba, Sr and Li are plotted in 
Figure 62; those for Na, K and Ca are similar. 

All the curves obtained being similar, only a few are given by 
way of illustration. An initial rapid fall is followed by a more 
gradual one. The initial fall is greater in the acid range and be- 
comes less when the pH is high. When the curves are plotted on a 
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semilogarithmic scale, a series of parallel straight lines results, 
the slope of which is character is tic of the basic radical. The follow- 
ing relations are found to hold for various soils: 

pH-pHo * a: log c 

where pH^ is the initial pH without any salt; c is the concentration 
of the salt in milliequivalents per 100 grams of soil, and X is a con- 
stant characteristic of the cation. The values of K for the various 
ions are as follows: LI * 0.30,Na « 0.79, K » 0.55, Ca s 0.48, Mg » 
0.48, Ba » 0.26, Sr « 0.28. 

It is to be remembered that the effect of salts in lowering the pH 
values of soils is analogous to a similar effect In ordinary buffer 
solutions. For instance, the pH value of sodium carbonate-bicarbo- 
nate mixture is less in the presence of KCl than in Its absence. 

A closer study of these results presents some interesting aspects 
which would offer a rational explanation of the discrepancies ob- 
served by previous workers in the effect of soil-water ratio on pH 
values. It is clear that in the steeper portion of the curve a very 
low concentration of salts, as would be ordinarily found in most nor- 
mal soils, would materially alter the pH value. Since this effect 
does not depend on the absolute quantity of the salt, but rather on its 
concentration in a suspension, dilution will have the effect of rais- 
ing the pH value, and the magnitude of this chaise will be governed 
entirely by the nature and quantity of the salt present in the soil. 
These results also lead to the conclusion that measurements of the 
pH values of soils in N KCl solution would give more reproducible 
results in the hands of different workers, for not only would the ef- 
fect of soil -water ratio be negligible, but day -by-day variations in 
natural soils which are obviously due to changes In salt content 
would disappear, and the pH value of a soil would assume the im- 
portance of a fundamental constant. Alternately, pH value should 
be determined after leaciiing the soil free of salts, and is reported 
as such. This leaching may be done with alcohol to prevent hy- 
drolysis of the salolds. The effect of leaching was studied on twenty 
soils, from which the following conclusions can be drawn: 

(1) The pH value of the leached soil is always higher than that of 
the unleached soil. 

(2) This difference becomes inappreciable when pH is determined 
in N KCl. 

(3) The effect of KCl In lowerir^ the pH value is greater in the 
leached than in the original soil. 

(4) The difference between the change in pH value due to KCl in 
the leached and in the unleached soil is of the same order as the 
rise in the pH value of the original soil due to leachii^. 

The effect of a slightly soluble substance like CaC 03 on soil re- 
action needs special attention. It is conceivable that even in the 
absence of other salts, CaCO^ would modify the reaction, even in 
the presence of N KCl. This was actually observed both in natural 
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Ca soils, and in soils to which CaCOg was added^d without 

it had shown no effect of soil-water ratio in NKCl. Tti 
soil-water ratio persists even in NKCl in soils 
For such soils, therefore, the soil-water ratio wUl still have to 
defined even when pH values are determined in N KCl. 

The effect ofCaCOg in modifying the pH value of the Ca 
was already commented upon when dealing with the ^ter 
tween CaCOs and soil acidoid. Or perhaps ** 

oropriate to say that the effect is mutual, so that the pH . 

the mixture is lower than that each individually. As a gener^ 
rule the pH value of a Ca saloid in the presence J 

Is of the order of 7. If it is higher, the presence of Na saloid mus 

"^rSdle clear from the foregoing that there is nothing funda- 
mentally wrong with the methods of determining P» 
latter is so susceptible to envlronm«ital changes ‘•'^t fluc^at 
Lrfwbeconslderednormal. It is true, perhaps, that these fluctua- 
Uons maybe above or below a mean value which ""ay 
one given by the leached soil. Here again we are not absolutely on 
safe*groui^, as we are not justified in assuming that we have not 
altered the acidoid-saloidratloby leaching. On theoretical Sjoun > 
every soil should have a fixed pH value determined ^ 

saloid-acidold ratio, depending of course on the nature of ®aU®ns. 
Actually our methods of measurement give a value which fluctuates 
with alterations in the experimental conditions. The .. 

absolute method of pH measurement was felt. Md the search for It 
led to a simple solution pointed out by the following 
truthofwhlchhasalreadybeen supported by a mass of experiment 
evidence brought forth in the foregoing. 

(a) The pH value of every soil In nature represents a single ^int 
on Its Utratlon curve, governed by the sUte of its 

with bases. It is, therefore, a buffer mixture of a definite proper 
tion of acldold-salold which determines Its pH value. 

(b) Soil, If shaken with a buffer soluUon, will have its acidoid 

saloid equilibrium point shifted toward that of “S- 

In other words, it will take the basic portion from » solu 

Uon of higher pH value and give its basic porUon to one with a 
dH value lower than its own. Consequently, when no change In re 
acUon occurs, the soil and the buffer are isohydric, i.e., the pH 
value of the soil is equal to that of the buffer solution. 

It is to be remembered that when a soU is shaken with water, it 
hydrolyzes and some of the cations go into solution as hydroxide. 
Stace the amount of the hydroxide going into solution depends on 
the state of neutralization, or pH value, of the soil, and since toe 
actual amount of the base removed from the soil and going into 
solution is very small, toe pH value of the water approximates toat 
Of the soil. Innatural soils, however, this ideal condiUon is seldom 
attained, as there is always some salt present, which can suppress 
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this hydrolysis, thus lowering the pH value. The ideal method 
therefore, would be one in which no hydrolysis is allowed to take 
place. In the isohydric method, this sUte of affairs is realized by 
interpolation, for, by definition, the isohydric pH value represents 
the pH value of that buffer solution which undergoes no change on 
coming into contact with soil. This situation can exist only when the 
pH value of the soU is equal to that of the buffer solution. If the 
reacUonofthe soil and that of the buffer are different, some change 
is bound to take place, resulting in a transfer of the base from one 
to the other. In short, the isohydric method depends not on a single 
measurement, but on a series of UtraUons from which the buffer In 
which the soil would undergo no change is determined; an absolute 
measure of the pH value of the soil is thus obtained. 

The problem of finding isohydric pH values resolved Itself, in 
the first instance, in the choice of a series of buffer mixtures, the 
acid-salt proportion of which could be easily ascertained and any 
change readily detected. Boric acid-borate and acetic acid-acetate 
mixtures proved useful for the purpose; the former covered the 
range between pH 7,8 and 10, and the latter between pH 3.7 and 6. 

Table 81. Coroposlllon of buffer mlxturei 
Acetate - Acetic add 


pH 

2.72 

4.05 

4.27 

4.46 

4.83 

Ac«tlc add, 0.2 

00 

00 

70 

00 

50 

K- aeatata, 0.2 ff ....(ec.] 

10 

20 

30 

40 

50 


BorJc acid - KCl * KQH 


25 cc. of 0.2 N boric acid aod 0.2 N KCl mixture 
plua cc. of 0.2 K KOK dUuted to 100 ec. 


pH 

|7.8 

0.0 

0.2 

|9.4 

0.6 

0.0 

9.0 

9.2 

9.4 

9.0 

9.0 

lio.o 

K 

O 

|l.33 

2.0 

2.95 

|4.27 

0.0 

0.2 

10.7 

10.35 

10.0 

10.42 

20.4 

1 21.95 


A mixture of acetate -acetic acid, or of borate-boric acid could be 
easily analyzed by titrating with standard acid, ana the pH value of 
any mixture could then be ascertained from the titration curve. In 
Table 51 (above) are given pH values of K acetate -acetic acid and 
K bo rate -boric acid mixtures. These data, when plotted, give 
smooth curves from which any intermediate value can be inter- 
polated. 

Any change in the pH value of these buffers can be measured by 
titrating before and after shaking with the soil. Since any increase 
or decrease in the basic portion of the buffer is brought about by a 
corresponding change in the base content of the soil, and since the 
pH value of the soil and that of the buffer have been equalized by 
shakily, the final pH value of the mixture, as determined by titra- 
tion and interpolation from the curve, gives the pH value of the soil 
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rcsultii^ fro™ a certain change in its base content, which 
in ffiven by the change in the acid titration value of the but! 
shaking With the soil. Thus by using a series of buffers, » . 

of values are obtained which represent increasing .. . 

base content and the corresponding changes in the pH 
soil. When plotted, these values give a smooth curve, whlc y 
be called the isohydric titration curve of the soil. From this cu 
is interpolated the pH value of the buffer, which 
change in its titration value. Since at this point ihe soil obviously 
would undergo no change in its base content either, this point rep- 
resents the isohydric pH value of the soil. 

For standardizing the working conditions of the method outimea, 
the following preliminary determinations had to be made: 

(a) Effect of time of shaking on the equilibrium between soil ana 

buffer solution. 

(b) Effect of soil-buffer ratio. 

(c) Fate of the borate ion. . . . 

The results of these preliminary experiments showed that equi- 
librium is attained in two hours, longer shaking up to 48 hours 
making no appreciable difference; soil-buffer ratios ranging from 
1*20 to 1:5 gave practically the same results; and the concentration 
of the borate ion remained the same before and after shakir^ of the 
buffer with the soil. 

Detailed Description of the Method. Stock solutions of potassium 
aceUie-aceUc acid and potassluoTborate-borlc acid of pH values 
4 5. 6. 8. 9, 1 are made. Two hundred-cc porUons of these solu- 
tions are shaken for two hours with 10- gram portions of the soil 
and the suspensions are filtered. The filtrates are titrated wl 
standard acid, methyl orange being used as indicator. For the 
amount of acid required, the pH value is read from the curve. As- 
suming that when the sUte of equilibrium Is reached, toe soil and 
the buffer are isohydric with respect to the hydrogen-ion concen- 
tration, and assuming that toe base lost or gained by the buffer rep- 
resents a gain or loss by the soil, we know the gain or loss of base 
by the soil in reaching the isohydric pH value. Thus a series of 
values correspondiJ^ to the series of buffer solutions is obtained, 
which when plotted give a smooth curve, from which the pH v^ue 
correspondii^ to no change in the buffer is interpolated. The 
acetate-acetic acid buffer evidently cannot be used for c^careous 
soils. For these, borate -boric acid buffers alone are suitable, and 
only the upper portion of the curve is obtained. A number of typical 
isohydric titration curves of soils are given in Figure 63. 

ItwUlbeseen that most of the soils give a straight-line relation- 
ship throughout the entire Utration curve. It should be 
the isohydric titration curve is not expected to be identical with toe 
straightforward titration curve of the soil. It is only at the pH value 
of the natural soil that the two curves can be expected to coincide. 
Wecanof course compute the buffer capacity, the lime requirement. 
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or the base-exchange capacity of the soU to any pH value from the 
isohydric titration curves. There is also a much simpler way of 
drawing the isohydric titration curve, i.e., shakily the soil with 
various buffers and finding the pH value of the buffer after shak- 
ing, and from the titration curve of the buffer computing the value 
of the base removed from or added to the soil. The fact that these 
curves are perceptibly straight merely indicates that points of 
Inflection have been suppressed by the high salt concentration of the 
buffer, and the variations have smoothed out. Just as we found that 
the pH value of the soil in N KCl is not affected by soil-water ratio, 
there is no effect of soil-buffer ratio on the course of the isohydric 
Utration curve. Almost all the methods of finding the so-called 



base-exchange capacity of soils make use of some salt from which 
the base is removed by the soil, and the amount thus removed is 
related to the base -exchange capacity. It would be much better if 
the technique outlined above is adopted for the purpose, the amount 
of base taken up by the soil being determined by titration of the 
buffer or more simply by noting the change in its pH value. Proba- 
bly two such values would define the whole curve, and its slope 
would determine the buffer capacity of the soil, which may be de- 
fined as milligram equivalents of alkali per 100 grams of soil re- 
quired to produce a change of 1 unit on the pH scale. 
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Comparison with Other Methods, In view of the difficulty of 
measuring the pH value of soils by the usual methods, the agree- 
ment between the soil reaction determined by any of the standard 
methods and the isohydric pH value can only be approximate. For 
comparison, the pH values were determined In a soil-water ratio of 
1:5, with the antimony electrode and also with the quinhydrone elec- 
trode after shaking for one hour. The pH values of these soils had 
been determined by four other workers. All these values are in- 
cluded in Figure 64 which brings out clearly the wide variations that 
may be expected in pH measurements by the ordinary electrical 
methods. The agreement between the isohydric pH values and 
those determined by the antimony or quinhydrone electrode is better 
than that between the values determined by other workers. This 
better agreement is evidently due to the fact that these three sets of 
values were determined on uniform samples under similar condi- 
tions; whereas values determined by other workers were obtained 
on slightly different samples, possibly under different sets of condi- 
tions. The necessity of specifying the conditions of such measure- 
ments is, therefore, quite obvious. 

It Is futile at this stage to argue which method of pH measurement 
would give values nearest to field conditions. This will depend on 
what we are looking for. Actual field conditions change from day 
to day; Indeed, there are wide variations of reaction within a few 
inches. The microbiolog leal population, the proximity of root hairs, 
the moisture content and a host of other factors would Influence the 
pH value, because we are dealing with a weak electrolyte, the equi- 
librium conditions of which can be upset by slight changes in the 
environmental conditions. These variations must be smoothed out 
if the pH value is to be defined in its relation to the state of neu- 
tralization of the soil, and one way of doing so is to determine its 
isohydric pH value. 


pH Value of Highly Alkaline Soils 

Highly alkaline soils form a class by themselves. They invariably 
contain a certain amount of sodium carbonate or bicarbonate, on 
account of which it is difficult to determine their isohydric pH v^ue 
by the above method. They are, however, already in equilibrium 
with a sodium carbonate-bicarbonate buffer solution which deter- 
mines their pH value. The reaction of such soils can be easily de- 
termined by finding the concentration of sodium carbonate -bicarbo- 
nate and then interpolating the pH value from the titration curve of 
NaOH with CO2. The pH values of various mixtures of carbonate- 
bicarbonate at different concentrations were determined with the 
glass electrode, both in water and in O.IN KCl solution, the latter 
values being uniformly lower by 0.2 pH than the former. The follow- 
ing relation was found to hold between pH values and the carbonate- 
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bicarbonate ratio as well as the total concentration of the mixture 
in O.IN KCl solution: 


pH value *8.67 +0.0184 0.0032^ ♦ \ inorr 

when 8 * cc of O.IN alkali (carbonate + bicarbonate) in 100 cc 

solution 

4 s per cent of Na2C03 in B. 

From this relation the pH value ol any alkaline soil is "Jf 
by shaking the soil with O.IN KCl solution. fUtering 
allquotof the filtrate for carbonate-bicarbonate. S^ce ‘j'® . 

in KCl is lower than that in water solution by 0.2 pH, this amount 
is added to the pH value obtained from the formula to correspond 
to the pH value in water solution. 


TkbU S2 Th* pH value* Of alkali eoll* calculated from cerboi^U- 
bicarbonate rtUo and determined dIrecUr (soil : water ratio, l:o> 


Soil No. 
P.C. 

0. 1 N CarboMt* 
(cc.) 

O.IN blearbooate 
(cc.) 

1 nH In wati»r ausoonalon 

dale. 

round 

«0 

o.e 

14.1 

0 

SS.S 

0.7 

9.80 

1.0 

ie.4 

9.70 

9.85 

8.67 

9.95 

9.80 

10.08 

6.66 

9.94 


In Table 52 are given pH values of certain typical alkaline soils 
determined by the electrical method using the antimony electrode, 
and the values obtained by titrating the O.IN KCl solution extract 
for car bon ate -bicarbon ate. The agreement is sufficiently close to 
Illustrate the general principle involved. It might be pointed out 
that the method is not applicable unless the amount of sodium car- 
bonate-bicarbonate in the soil is sufficiently large. For soils con- 
taining little or no free alkali carbonate -bicarbonate, the usual iso- 
hydric method is suitable. 

We have discussed several methods of finding the base equivalent 
of soil acidoids, which carry the soil to the neutralisation of the 
first hydrogen, assuming the soil acidoid to be a dibasic acid. It 
was pointed out that the pH value at which the second hydrogen is 
neutralized is in the neighborhood of 10.8, at which point the maxi- 
mum dispersion of the Na soil is observed. The titration curve in 
this region, however, is extremely insensitive to pH changes on 
addition of alkali, and therefore the location of the exact point is 
difficult, especially as the measurement of pH value in this neigh- 
borhood is also liable to error. The formula relating to the pH 
value of carbonate -bicarbonate mixtures offers a simple method of 
determining this portion of the curve much more accurately, by 
shaking the H soil with Increasing concentrations of sodium car- 
bonate and finding the concentrations of the carbonate -bicarbon ate, 
which fixes the pH attained by the soil, whereas the amount of bi- 
carbonate determines the amount of alkali taken up by the soil. 



CHAPTER XXI 

INTERACTION BETWEEN ANIONS AND SOILS 

As a general rule we may state that soils will take up from solu* 
tion only that anion which can form an insoluble salt with one or 
more soil constituents. We have seen, for instance, that SO4 ion 
will be removed quantitatively by a Ba soil, and oxalate and car- 
bonate by a Ca soil. In fact, we could remove any anion from solu- 
tion by shaking it with a soil containing the appropriate cation. 
This simple reaction has baffled many workers, especially In the 
case of phosphates, and the disappearance of nitrites has also been 
a favorite subject of controversy. We shall deal with these sep- 
arately. 

Removal of Phosphate Ion 

Considerable work has been done on the so-called adsorption of 
phosphates by soil and other constituents usually present in it. A 
close perusal of the literature on the subject, however, reveals that 
an Important point has been missed by practically every worker on 
the subject, namely, the pH value of the medium from which the so- 
called adsorption was supposed to have taken place. 

The formation of the phosphates of Al, Fe, Ca and Mg is possible 
in the soil; but as all these phosphates are extremely sensitive to 
the concentration of hydrogen ions in the solution, it is needless to 
resort to the so-called adsorption of phosphates by soils and allied 
substances, since simple precipitation as an Insoluble salt would 
explain the disappearance of the phosphates. We can, for instance, 
dissolve or precipitate, partially or wholly, any of these phosphates 
merely by adjusting the pH value of solution. However, we 
shall stick to the conventional methods of study and deal with the 
removal of the PO4 ion from solutions of H3PO4, KH2PO4, K2HPO4, 
K3p04andCa (H2P04)2by gels of alumina, silica, ferric hydroxide 
and their mixtures, as well as soil acidoid and saloids. 

Preparation of Materials 

Silica gel was prepared by the addition of 5 % HCl to sodium sili- 
cate solution of 1.185 density under violent agitation. 

Hydroxides of Al and Pe were prepared by precipitatif^ from sul- 
phate and chloride, respectively, with the addition of ammonia. 
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SUlcates of A1 and Fe were prepared by 
of the required chlorides of the metals with sodium silicate soiu 

Uons of equivalent strength. „,atpr free 

All these gels were thoroughly n n^N HCUreatment 

of all electrolytes. H soU was prepared by 0 . 05 N HCltreatme 

and salolds by treatment with hydroxides. Silica and . 

were determined in the various sUicates after 

various percentages recorded on the air-dry basis. The air y 

moisture was allowed for in every case. .,i„KHatP 

POa was determined by precipitation with ammonium molyMate 
as (NHali P04 l2Mo03-2HN03 H20,usinglarge excess of molybdate 
solution in the presence of concentrated HNO3. When washed with 
KNO3 solution it becomes {NH4)3P04 l2Mo03, «Wch c^ d^sso 
in excess KOH and be back-titrated against standard HCl- Each cc 
of normal KOH used is equivalent to 0.003088 gram of P205- Th s 
method was found to be both rapid and accurate. 

Five-gram portions of the various air-dried gels were sh^en 
mechanically for four hours (time required for equilibrium condi- 
tion) with 100-cc solutions of calcium dihydrogen phosphate of dif- 
ferent concentrations in narrow-mouth botUes of 200-cc capacity. 
The mixtures were then allowed to stand overnight, after which a 
aliquot of the supernatant liquid was pipetted out for analysis, me 
phosphate and calcium contents oi the solutions were estimated 
before and alter shaking and the amounts taken up by the various 
gels obtained. Calcium was estimated as calcium phosphate grayl- 
metrically. Since the solution contained phosphate ions, all the 
calcium could be precipitated by the mere addition of ammonia 
solution. This appeared more convenient than precipitation as 
oxalate. pH values were determined by a carefully calibrated anti- 
mony electrode. The results are summarized in Table 53. 

The amount of Ca removed In every case was equivalent to that oi 
the P2^5 removed; that column, therefore, has been omitted. It is 
seen thai silica gel does not take up phosphate or Ca ions from the 
solution. It might be pointed out that in the preparation of sUica gel 
there is need for exercizing great care, as even a small amount of 
alkali left in it can cause the precipitation of a certain amount of 
phosphate. This point will be referred to again. Both Fe and A1 
gels remove Ca and P in almost equivalent amounts, the former re- 
moving a smaller quantity. This appears to be due to the formation 
of calcium, aluminum, or iron phosphate. If the amount of ions 
removed is plotted against their equilibrium concentrations, straight 
lines are obtained. 

One remarkable thing about these results is that although silica 
gel itself is completely unreactive toward the solutions of calcium 
dihydrogen phosphate, its presence increases the reactivity of both 
alumina and ferric oxide in the silica gels. However, when the pro- 
portion of silica is increased beyond a certain limit (gel C) a fall 
in the reactivity results. The formation of the complex compounds 
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of Ca, Al, F€ and phosphates is evidently brought about by the elec- 
tronegative and electropositive residual valences of A1 and Fe. The 
subject requires further study as regards the exact nature of these 
compounds and the conditions under which they are formed. 

The results obtained with various gels ck) not indicate completion 
of the reaction, but there is evidence to show that the Ca and phos- 
phate removed tend to be equivalent to the A1 or Fe in the solution. 

Table 53. Reinoval of Ca. and P. from calcium dihydrogen phosphate solutions 
by oxides of SI, A1 and Fe; and silicates of A1 and Fe 


Cbcides of Si« Al, Fe 


M. mols. P 2 OS 
in original sol. 

pH 

Silica 

(m. mols. P. 
removed) 

" 2 O 3 

pR (m. mols. P. 
removed) 

re 203 

' pH (m. mols. P. 
removed) 

5.5 

3.44 

0 

5.62 

2.6 

5.14 

1.69 

4.4 

3.60 

0 

5.77 

2.16 

5.30 

1.42 

3.3 

3.62 

0 

6.02 


5.92 

1.12 

2.19 

3.66 

0 

6.20 


6.18 


1.10 

3.82 

0 

7.10 


6.80 

0.61 

0.66 

3.96 

0 

7.24 


7.64 

0.496 


Al silicate eel 

1 

1 A 

1 (6 ni. mols. Al) 

B 

(5 m. mols. Al) 

C 

(4 m. mols. Al) 

5.5 

1 5.02 

4.12 

5.55 

4.05 

5.60 


4.4 

, 5.34 

3.40 

5.68 

3.30 

5.60 

HUB 

3.3 

5.76 

2.50 

5.73 

2.40 

5.90 


2.19 

6.42 

1.62 

6.24 

1.67 

5.96 


1.10 

7.12 

0.83 

6.66 

0.79 



0.66 

7.81 

0.53 

6.62 

0.52 

1 

6.40 

0.134 

Fe silicate eel 


i 


B 

1 

C 


(5.1 m. mols. Fe) 

(3.9 m. mols. Fe) 

(2.95 m. 

mols. Fe) 

5.5 

5.12 1 

3.04 1 

5.42 

2.94 

5.46 

0.600 

4.4 

5.30 ! 

2.30 

5.81 

2.24 

5.48 

0.482 

3.3 

5.86 

1.73 

6.02 

1.66 

5.74 

0.401 

2.19 

6.60 

1.12 

6.10 

1.06 

6.28 

0.282 

1.10 

7.02 

0.59 

6.42 

0.58 

6.52 

0.172 

0.66 

7.64 

0.42 

6.88 

0.42 

6.60 

0.126 


As will be shown presently, this condition is attained In the case of 
potassium dihydrogen phosphate. In this case also there was no 
removal of the phosphate ion by silica. The results with Al and Fe 
silicates are given in Table 54. 

It will be seen that increasing amounts of phosphate ions are re- 
moved from solutions of increasing concentration, the amount ul- 
timately becoming almost equivalent to the amount of Fe or Al con- 
tained in the particular hydrogel; but in no case does it exceed that 
amount. This shows that the chemical reaction has been carried 
to completion and that adsorption as such is playing no part what- 
soever. The increase in the extent of the reaction is in accordance 
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with the law ol mass acUon. No subsequent incrcMe beyond the 
stoichiometric proporUon is observed at any concentration. 

SimUar experiments were then tried with “JJ/Sd 

tions alone. As before, there was no 

by silica. Results for Fe, A1 hydrogels and AI silicate are give 
in Table 56. The amount removed in every case Is very small. 


Table M. Removal of P from KB2^4 by silicates of Al and Fe 



m. laoU. of P; 

>Ok removed by 5 uma. of eUlcate (R) 

m. moU. of 
P2O9 ua«d 

A (6 m. mols. of Al) 
pH R 

B (5 m. mole, of AJ) 
pH a 

C <4 m. m 
pH 

OlS. 01 Al) 

R 

$.57 

7.50 

6.43 

5.36 

3.14 

1.07 

0.64 

Fs aillcAt* 

6.12 

6.06 

6.00 

5.76 

5.64 

S.4S 

5.40 

A <5.1 m. fl 

5.59 

S.S5 

5.02 

4.40 

1.84 

0.972 

0.634 

itols. of F«) 

6.00 

6.00 

5.76 

5.72 

5.60 

5.52 

5.44 

1 B (3.9 m. 

5.00 

4.62 

4.51 

4.11 

1.70 

0.94 

0.60 

DoU. of Fe] 

5.56 

5.50 

5.42 

5.36 

5.34 

5.30 

5.30 

f C <2.95 m 

3.6$ 

3.62 

3.56 

3.16 

1.67 

0.91 

0.60 

. molf. Of Fe) 


6.$2 

5.60 

6.74 

6.66 

6.42 

6.34 

6.30 

4.94 

4.63 
4.41 
4.00 

1.63 
1.06 
0.61 

7.08 

7.02 

6.94 

6.80 

6.62 

6.S0 

6.44 

m 


2.69 

2.67 

2.59 

1.42 

O.$0 

0.57 


T^le 56. Remora! Of P from pboepborlc acid soluUoaa by oaides of Fe and 

Al and alllcate of Al 


m. moU. of 
P2OS In 
emutlon 

FegOs (10 m. moU.) 
pH R 

M. moU. 
A12<^<16. 
pH 

P rRmP 

7in. mole.) 
R 

Ai elHcete (6 m. mole. 
pH a 

$0.7 

2.12 

0 

2.68 

0 

2.12 

0 

15.2 

2.45 

0.9 

2.74 

2.50 

2.14 

0 

12.2 

2.64 

0.62 

2.62 

7.40 

2.14 

0 

9.2 

2.52 

$.1 

2.96 

6.00 

2.24 

0.3 

6.1 

3.10 

5.7 

3.16 

5.60 

2.32 

0.4 

3.0 

3.42 

3.0 

3.52 

3.00 

2.56 

1.3 


reasonfor this obviously is the low pH value of the solutions, which 
prevents the precipitation of the AI and Fe phosphates. It is also 
evident that with Increase in concentration of phosphoric acid solu- 
tion, when the final pH value follows systematically, the percentage 
removal of phosphate Ions also follows the same order. 

Experiments were then conducted in order to find out the exact 
pH value at which complete precipitation of Fe and Al phosphate can 
take place. For this purpose aluminum hydroxide gel was mixed 
with phosphoric acid solution containing 30.7 millimols of P 2 O 5 per 
liter. The volume of acid solution added was slightly in excess of 
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that required to dissolve the gel completely on mechanical shaking 
lor a couple of hours. To 20-cc portions of this solution increasing 
volumes of NH^OH (0.188N) were added, and the amount of aluminum 
phosphate precipitated was determined in each .case. The results 
are given in Table 56. These data show that when the pH value of 
the mixture is equal to 3.06, the entire quantity of aluminum phos* 
phate is precipitated. The reaction apparently Is extraordinarily 
sensitive to pH changes. 

Table M. Effect of pH nice oo the precipitation of Al 

phoephate 


ec. 0 / 0.164K 
aumocila added 

pH 

29 

2.9 

39 

2.99 

39 

2.90 

40 

2.99 

45 

2.74 

so 

2.82 

90 

3.09 

90 

3.90 


Percentage of 
Al phoephate precipitated 

14. 5 

29.5 
4$.5 
ed.s 

75.0 

92.0 
99.4 

100 


Table 97. Removal of P from ammonium ^oephate by aluminum silicate 


m. mola. of 

P tn flol. 


m molm 

. of P ramoved hv the al 

llcaie (R) 


1 B (9 m. Bola. of AD 

C (4 m. mo 

iB. of AD 

pH 

R 

pH 

R 

pH 

R 

30.7 

7.10 

9.73 

7.92 

5.06 

MS3M 

9.72 

19.2 

7.02 

9.72 

7.34 

9.07 


3.71 

12.2 

9.94 ; 

9.70 

7.12 

9.07 

BaH 

3.70 

9.2 

9.60 ! 

5.96 


9.09 


3.70 

6.1 

9.92 1 

4.63 

9.90 

4.31 

7.02 

8.60 

3.1 

9.34 1 

2.56 

9.62 

2.41 

9.62 

2.37 


The experiments were then repeated with the same four gels by 
using H3PO4-NH4OH mixtures of pH value slightly over 6. This ac- 
tually constituted an ammonium phosphate -phosphoric acid buffer. 
As usual, there was no removal of phosphate ion by silica gel. The 
results with three silicates containing different amounts of Al are 
given in Table 57. 

P20g almost equivalent to the amount of Al20« in the aluminum 
silicate is precipitated when the pH value is above a, and the amount 
of phosphate in solution is sufficient to precipitate all of the alu- 
minum in the aluminum silicate In the case of the co- precipitated 
silicate prepared in the laboratory. It is necessary to bear this 
qualification in mind, as one might be led to believe that the ses- 
quioxide in natural soils can be precipitated in this manner. Fur- 
ther light will be thrown on this question later. 

We have seen that the removal of phosphates by Fe-Al silicates 
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interaction between anions and soils 

can be explained on the basis of well known chemical reactions and 
there is no reason to assume the existence of adsorption. . 

A ffood deal of work on the fixation of phosphates by dif 

types of soils has been done, but the difficulty ^ 

^iSficient information on the nature of the soil or the pH v 
themediumhas not been made available, and correct mterpre 
of the results has, therefore, not been possible. In many 
Dhenomena that could not be explained as simple chemical reac- 
tions involving precipitation were ascribed to adsorption. 

Working first with a H soil containing 52% clay, there was a - 
solutely no removal of phosphate from solutions of poUssium o - 
hvdrogen phosphate. The same was the case with Na and K sous, 
as would be expected. Ca soil removed from solutions phospnaie 
ion equivalent to the Ca saloid In every case, irrespective of the 
strength of the phosphate solution as long as it contained enough w 
cause complete precipitation. Curiously, there was no ® 

Phosphate by a 1^ soil. This was puzzling unUl it was recalled toat 
theprecipiUtionof Mg phosphate takes place only when ammonia is 
added in sufficient quantity to make the solution alkaline. This is 
the well known analytical procedure in estimating phosphates as 
Mg pyrophosphate. So when sufficient ammonia was added me en- 
tire Mg saloid In the soil was converted into Mg phosphate, the re- 
moval of which, thus, was equl molecular. By way of illustration 
results with Ca and Mg soils containing Increasing amounts of 
saloids are given in Table 58. 


Table 58. Removal of phosphate ton by Ca and Mg soil 


m.e. Ca 
in the soil 

m.e. P 2 O 5 
removed 

m.e. Mg 
in the soil 

m.e. P 2 O 5 
removed 

23.8 

24.0 

8.33 

8.30 

35.7 1 

36.1 

16.66 


47.6 

47.5 

24.99 


59.5 

60.4 

33:32 

\ 33.10 


The two columns in each case give the m.e. of Ca saloid or Mg 
saloid in the soil and milllequivalents of P 2 O 5 removed when shaken 
with potassium hydrogen phosphate. 

The above results leave no doubt that phosphates arc fixed by 
soils in nature through chemical reactions. If conditions are not 
favorable for such removal, e.g., if the pH value of the soil is low, 
or there are no Ca or Mg saloids, or if it does not contain any ac- 
tive Alor Fe oxide, no such fixation can Uke place. It is hoped that 
in all future studies of this nature experimenters will first look for 

some natural explanation based on well known chemical reactions; 

it is because adsorption was taken for granted that crucial experi- 
ments were not devised to track down the exact nature of the reac- 


tions involved. 






CHAPTER XXn 

OXIDATION OF NITRITES AND OXALATES IN SOILS 

It is well known that ammonia and ammonium salts formed In 
soils by the breakdown of nitrogenous organic matter or added in 
manures are oxidiaed to nitrites and nitrates before being assimi- 
lated by plants. According to the generally accepted view, this 
process, known as ^nitrificaUon* is biological in nature and is ef- 
fected in two stages by two distinct species of bacteria. This reac- 
tion has been described as microbiological, chemical and photo- 
chemical by different workers, and evidence has been brought forth 
and refuted in favor of or against one or the other; the subject has 
remained highly controversial and lacking in conclusive evidence 
as to the exact mechanism of the reaction. 

Curiously enough this mechanism is extremely simple and ap- 
pears to have escaped notice because it is obvious. The soil acidold, 
on reactingwith KN02f for Instance, is converted into K saloid with 
the liberation of HNO21 which is oxidized to HNO3 ^ soon as it is 
formed by the oxygen present in the atr: 

H soil -f KNO2 — soil + HNO2 + 0-^HN03. 

The nitric acid thus produced reacts with the remaining KN02» 
forming KNO3 and liberating fresh HNO2 (which again is oxidized 
to HNO^), as well as with the K soil, changing it back into H soil. 
The regenerated H soil would again react with the remaining KNO9, 
liberating fresh HNO2 and so on, until practically all the KNO2 & 
converted into KNOo. Typical results with a H soil are given In 
Table 59. 

Itwillbe seen that the reaction Is complete in about 13 hours and 
goes on in the dark. It is therefore not photochemical. It is worthy 
of note that within a brief period of 13 hours, as much as 0.2 gram 
of KNO2 is completely oxidized to KNO3 by only 5 grams of soil. 
Incidentiy, no bacterial agency could be expected to bring about 
such huge conversions under normal conditions; moreover, the soil, 
being acid- treated, was free from bacteria. To clinch matters, the 
experiment was repeatedwith soils kept in chloroform and mercuric 
chloride, and subjected to sterilization by heatii^ in an autoclave 
under apressureof 50 lbs. In no case was the extent of the reaction 
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^ected These results leave no doubt that biological and photo- 
chemical factors play no part whatsoever in the oxidation of nitrites 
to nitrates by soUs. 

It might be argued that the experiments have been carried oui 
under conditions which do not exist in the field. The technique of 
shaking with 100 cc of water was adopted because it lent itself to 
easy reproducibility. Further tests were made with very much 
amounts of water under conditions that prevail in nitrifying 

soil* 


Table 59. OddftUoQ of KNOj br H Soil 
|).21S gm. of KNO2 aiMed to 5 gm. soil snd 100 ce. of voter) 


Tim* 

(hour*) 

XNO1 

< OKldkaad 

KN03 formed 
(rm.) 

In Ui* dark 

Id diffused light 

<cm-) 

0.5 

0.014 

0.017 

0.020 

1.5 

0.037 

0.047 

0.045 

2.t6 

0.072 

0.072 

0.087 

5.5 

0.129 

0.119 

0.148 

7.25 

0.156 

0.152 

O.lOl 

9.5 

0.170 

0.172 

0.202 

19 

0.199 

0.206 

0.240 


Tsble 60. CfeldstfoA of KKO2 solulton by H soli 



0.0559 f m. KKO> mixed with 5 am. soil 


KHOo (tfidtsod (tm.) 

Time 

water added 2.5 cc. 

water added 100 cc. 

0 hours 

0.0951 

0.0120 

24 hours 

0.0441 

0.0146 

48 hours • 

0.0401 

0.0160 

7 days 

0.0559 

0.0165 


Five-gram portions of a H soil were each mixed with 2.5cc of 
water containing 0.0559 gram of KNO2, and the amount oxidized was 
determined after different Intervals. In another set of experiments 
the total volume of solution was made to 100 cc by adding 97.5cc of 
distilled water, and the amounts of nitrite oxidized after different 
intervals of time were determined as before. The results given in 
Table 60 show that oxidation actually proceeds at a much faster 
rate when the amount of water is small. The enhanced rate is also 
due to the fact that in the latter case there is free access to air, 

without which no oxidation is possible. . 

It is Interesting to compare the oxidation of nitrites to nitrates 
by soil acidoidwith that brought about by corresponding amounts of 
HCl and acetic acid. Accordingly, different we^hts of a H sou 
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and equivalent amounts of HCl and CH3COOH were each kept in 
contact with 100 cc of nitrite solution containing 0.212 gram of KNO9 
the samples being shaken as usual. The results given in Table ffi 
show that the amounts oxidized by the soil lie between those oxi- 
dized by HCl and by CH3COOH. Beyond a certain concentration the 
soil acidold can oxidize larger amounts than can acetic acid. Fur- 
ther, the amounts oxidized by soil compare rather favorably with 
those oxidized by HCl. This would appear rather strange in view of 
the enormous difference in the relative strengths of the two types 


Tabl9 61. OkldskUon of KNO 2 by oqulvalent unounta of 9oU actdold, 

CUjCOOB. and BCl 


Son Aeidoid 

CHiCOOH 

1 5ci 

Aoil Added 

KNO) OXldkAAd 

O.IH Aetd 

KNOf AsJdlied 

O.IN ACld 

ICNO9 oxidised 

ffSTl 

Ifm.) 


(gm.) 

ice.) 

Ifm.i 

0.1 

0.010 

2.5 

0.012 

2.5 

0.032 

1.0 

0.0610 

5.0 

0.033 

5.0 

0.095 

3.0 

0.1359 

10.0 

0.063 

10.0 

o.m 

2.0 

0.1501 

16.0 

0.069 

15.0 

0.191 

4.0 

0.1690 

20.0 

O.IOT 

80.0 

0.194 

6.0 

0.200 

86.0 

0.119 

26.0 

0.199 


T%bl« 61. Elftcl of ndotralixlng a H doll vtth Incrtolng 
Amounts of NkOH on ths oxldsttcn of fCNO? 

<0.212 sm. of ICNO 2 Addod to 5 gn. of sollf 


KaOR Added 
O.IN eol. ec. 

pB After staking 
vltb NaOB 

KNOy mUdUed 

(gtn.) 

0 

3.5 

0.1954 

5 

4.5 

0.1021 

10 

5.36 

0.0424 

20 

5.72 

0.001 

30 

6.44 

0 

40 

7.32 

0 

50 

6.78 

0 


of acids. It must be remembered, however, that the reaction is of a 
continuous nature and does not depend on the strength as much as 
on the quantity of acid present; that is why Increasing quantities of 
acldoid as well as of soluble acids oxidize larger quantities of ni- 
trites in the given time, namely 13 hours. 

Since the oxidation of nitrites is brought about by soil acldoid, 
its neutralization must lead to decrease or complete inhibition of 
this reaction. This is shown in Table 62. It will be seen that the 
amount of nitrite oxidized decreases with gradual neutralization of 
the acldoid with KaOH. When the pH value has reached 5.7 no oxida- 
tion is observed in 13 hours. 

Itwasobserved, however, that the limit of pH 5.7 is only applicable 
to 13 hours^ shakily. When tests are made after long intervals of 
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r ThS^'“Srcr„'■X“”4“^ .MCU S.... re.u.» are 

'TSSul exanUnaUcn o<U.»o».^»Ul 

pH value indicates only rat? of\xldation. It is clear 

major effect is a slowing ‘® ^„„y agricultural soil 

that in nature t*»e h??*^bout tte convMslon of nitrites 

would be quite sufficient to that In natural soils, 

into nltrnl... » ^ vino 1= low In the 

rrdirn»“?d‘”o,=^«.i:- 

.To^ruo-L' oo'i"is;i;:.i.i5" 


H soil neutralized 
with 



KNOj oxidized (gm.) 


after 60 days 


0.020 

0.042 

0.035 

0 


0.0195 

0.0151 

0.0182 

0.0141 


NaOH 
NaOH 
Ca(OH)2 
Ca(OK)2 
Natural soils 
P.C. 18 
P.C. 123 
P.C. 155 

Blank KNO2 sol. , 

When however the soU acidold is completely neutralized by treat- 

inentwithalkali equivalent to the total acidoid, it loses its 
canacitv entirely. The results obtained with two completely ne 
Sis iiter being shaken with nUrite 
month showed no oxidaUon of nitrites. These 

another logical explanation of the decreased produ^ivity of Mghly 
alkaline soils. It is obvious that excessive alkalinity might lead to 
the complete inhibition of nitrate formaUon. 

As different H soils have different amounts of acidoid m them, 
it is evident that the amounts of nitrites o*‘dized in 
by equal weights of different soils will be different. The result 
would be somewhat similar to those obtained whendifferent 
of the same soU or different quantities of a soluble acid fje 
To study this aspect, a number of H soils differmg In acidoid con- 
tent were selected and compared for their oxidizing power as be- 
fore. Results with only a few typical soils are given by way of il- 

^^^e^e ”resi^ show conclusively that it is the quantity of acidoid 
in the soU which is responsible for determinii^ the rate of oxida- 
tion of nitrites into nitrates. The correlation coefficient between 
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acidoid equivalent of the soil and the amount of nitrite oxidized was 
worked out for 46 soils and was found to be 0.83, which is htohly 
significant Further evidence on this point was obtained by deter- 
mining the oxidizing capacity of a H soil after being heated to vari- 
ous temperatures. As shown previously, there is very little 
change In the acidic properties of soils up to a temperature of 


Table 64. Oxidation of KNO3 with different H soils 
(0.212 gm. of KNO2 added to 5 gm. soil) 


Soil No. 
P.C. 

pH 

Acidoid 
(m.e./lOO em,) 

KNO2 oxidized 
(am.) 

13 

3.5 

58.0 

.2060 

68 

4.5 

5.6 

.0086 

70 

4.2 

14.0 

.0285 

110 

4.9 

16.0 

.1899 

142 

3.7 

43.0 

.2060 

173 

4.8 

22.0 

1 .0776 

262 

6.1 

6.0 

.0120 

133 

4.5 

4.7 

1 0 

Sand 

6.9 

0 

0 


Table 65. Oxidation of KNO3 by H soil heated to different 

temperatures. 

(0.212 gm. of KNO2 added to 5 gm. of soil) 


Temperature (^C) 

KNO2 oxidized in 13 hours (gm.) 

29 

0.210 

100 

.206 

200 

.206 

300 

.207 

400 

.172 

500 

.042 

600 

.021 

770 

.020 


400^C, above which this property decreases progressively. In con- 
formity with other properties of the soil as a weak electrolyte, there 
is no decrease in the oxidizing property up to 400^C, above which 
there is a steady decrease in the amount of nitrite oxidized. This 
wlU be clear from Table 65. 

Oxidation of Oxalates 

Oxalates have very little importance in soil economy. A study of 
their reaction with soil is interesting because It throws light on 
the chemistry of the reactions involved. The quantitative precipi- 
tation of Ca in Ca soil as oxalate by an equivalent amount of K 
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ha^ already "“foS^’^dbS 

is completed within 10 to 15 minutes. This, however, ^ture 

a slow reacuon which continues ^or f ever^ days tt is toe ««wre 

of this slow reaction which we 

convenient method of following up . -ig time In the first 

““ a«:,SrUrriV‘;edd';Sve aSS 

“'-LI” jSr» 



The results with ammonium and magnesium soils were similar. 
It is remarkable that this slow rise is the greatest in the case o£ 
Ca soil. This was at first ascribed to the extremely fine state of 
subdivision of toe freshly precipitated Ca oxalate, but it was found 
that there was practically no difference In the course of reaction 
whether Ca oxalate was freshly precipitated on the soil or directly 
added to it in the solid state. It is, however, true that the amount 
of Ca oxalate decomposed in a given time Increases with toe 
amount added. The decomposition of an insoluble substance (Ca 
oxalate) by another insoluble substance (a H soil) with increase in 
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pH value and formation of yet another insoluble substance (Ca 
salojd) IS one of the most fascinating reactions In soU chemistry, 
A number of H soils were examined in a* similar manner. Five 
milliequivalents of Ca(OH )2 were added to 10 grains of the soil. 
This was followed by the addition of an equivalent amount of oxalic 
acid, resulting in the complete precipitation of Ca oxalate on the 
soil surface. The soUs were shaken in a mechanical shaker for 
about one month; pH values were determined at certain intervals. 
At the end of this period Ca saloid was determined by the K car- 
bonate* acetate oxalate method described previously. The results 



Fig. 66. Reaction of Oxalic Acid with Ca Soil 


of a few typical soils of a larger collection are given byway of illus* 
tration in Table 66, which indicate that the power of decomposing 
Ca oxalate varies with different soils. 

The slow disappearance of the oxalate ion with the formation of 
free Ca(OH )2 and the consequent rise in pH value may be due to two 
causes: 

(1) Formation of Fe or A1 oxalates which may be even more in- 
soluble than Ca oxalate. 

(2) Oxidation of the oxalate Ion with the production of CO 2 . 

The first possibility is rendered unlikely by the fact that several 
Fe and A1 hydroxides and silicates were prepared, but not one of 
them gave any Indication of forming insoluble precipitates with 
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oxalates, which could be •‘easonab^y the least 

produced in the case of .,.^d«om5.sitlon with the forma- 

soluble of all the oxalates and supposed to occur, 

tion of more {^tion ol the oxalate ion by the 

The second the total oxalate ion in the soil at 

soil, was explored by esUinating t^ adding to the suspension 

the end of the Tf‘® *“oSon?and fiUering and Utrating 

a known volume of normal HC ^AT-mAnffanate alter neutral- 

an aliquot of the mtratewithst^^rd expert- 

izir^ with NaOH and acidiiying soil could be deter- 
ments had shown that all the Ca o amount of oxalate ion over 

n,ined in this -fy- Jhe decrease d the by 

the amount originally added of CO ®hi<. rr very large amounts 

thesoil. These values are included in Table 68. Very large 

•t»bl. t*. PB <- B MUP «U. C 



““SrS interest to ttnow If the slo. oxldetlon 
bv soils could be hastened by heating the suspension. Boiling the 
sLKnsion under reflux for varying lengths o time showed no evi- 
dence of accelerating this remarkable property. 

to a search for thi cause of this property the ' 

of the soils was determined; but as will be seen from Table 66, there 
is no correlation between the Mn in the soil and its 
erty. The reaction is neither Influenced by the ‘h 

the soil, nor by its state of neutralization, except that when the pH 
value is too high oxidation is affected adversely. 

From all this it U obvious that soil acidity, as such, h^ nothli^ 
to drwTth the oxidation of oxalates. As the reacUon lil^ewise cannot 
be ascribed to any microbiological factor, because soils were found 

to retain their oxidizing property intact even when ,f 

remained only to test the various main constituents of the soil, 

pS.; “? /acft these oxides, 5 m.e. of po«ssl«„ 
oxalate was added and the amounts decomposed were determined 
after one week. The results given in Table 67 show that consider- 
able amounts of oxalates were oxidized. Similar esyeriments wi^ 
ferroaluminum silicates of different composition showed oxidation 
of oxalates to varying degrees within a week. 
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Table 67. Deeomposltioa of K cmUto by different wldee and by lerro- 

aluQlboetllcatee 

(50 cc. O.IN potaesliun oxalate added to 2 gm.) 


caide 

K oxalaio decomposed 
(cc.) 

(klde 

K oxalate decomposed 
(cc.) 

A 1 j 03 

CaO 

10.0 

6.2 

12.1 

6.2 

5.0 

CrjOg 

CuO 

PbO 

MoOg 

ZnO 

2.9 

6.1 

1.4 

60.6 

1.1 


Per cent.comDoalUoAOl ferrnelnnilMwii 

Patto: 

SIO 2 : F*203 * AI 2 O 3 

» • a 

K oxalate 
decomposed after 
shaking lor 15 

devfl 

rejOg 

^ 20 ^ 

6102 

19.3 

2.7 

55.7 

2.56 

20.2 

11.2 

6.3 

57.2 

6.25 

Or V 4 4r 

26 4 

3.3 

13.9 

71.2 

4.14 

Or V 

36.2 

0.6 

16.4 

73.4 

4.31 

43.4 


These results should leave no doubt that the cause of decoraposi* 
Uon of oxalates by soils lies in the very nature of the soil compost^ 
tion, all the three main constituents acting as oxidizing agents. 
Whether these oxides act as mere catalysts or themselves take part 
In chemical reactions Is a point on which no opinion can be expressed 
at present. 


CHAPTER XXm 

PHYSICOCHEMICAL PROPERTIES OF 
FBRROALUMINOSILICATES AS ALLIED TO SOILS 


The chemistry of ferroaluminoslllcates is wrapped in obscurity 
The complex nature of the compounds inwlve^the 
valences, and the looseness of the chemical bonds l«ave us uncer 
toin as to whether we are dealing with chemical compoun^ .n-Toth 
SStures. Alumina is a weak base and sUica is ^.^e^ 
are insoluble in water. Their natural attracUon or cheralc^ ^fl^ty 
for each other Is so weak, and the reacUon products so 
one is not sure whether the resulUng mixture is a chemical com 

*’°ThereisUtUedou^uLtlnclay we are dealing with 
silicates and that the free acidoid (SiOj) valences 

basic valences of aluminum and Iron, leaving ‘heir ac die character 

istlcs free to accentuate the acidoid characteristic of the S1O2. 
T^se acidic properUes may be further intensified m the presence 

of humic acid In natural soils. to 

Curiously enough, no serious attempt has so far ^een made to 

study exhausUvely the various physicochemlc^ properUes of si 

cates prepared in the laboratory, and to show that the simplest iron 
and aluminum silicates do exhibit all the essential PfoP".^®®. 
acteristic of the natural clays present in soils. A study of these 
properties has not only emphasized the fact that the analogy is not 
merely superficial but fundamental, but also has offered a logical 
explanation of the essential difference between the two. 

As a prelude to the study of the various physicochemical prop- 
erties, weshallin the first Instance examine potenUometrically the 


formation of Fe-Al silicates. . ^ ^ 

Alumina is a weak base and silica a weak acid; if they are com- 
bined with a strong acid and a strong base, respectively, the result- 
ing compounds, as a result of considerable hydrolysis, will behave 
like an acid in one case and a base in the other. Thus aluminum 
chloride could be titrated against NaOH just like HCl, and sodium 
silicate with HCl just like NaOH. Similarly these two compounds 
could be titrated against each other, just as conveniently as HCl 
and NaOH, chlorine and sodium leaving their partners as readily 
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^ if they were free. The alumina and silica thus left free, com* 
bine with each other and remain suspended in the colloidal state or 
come down as an insoluble precipitate. In order to understand the 
formation of Fe-Al silicates at different pH values, we must refer 
to Figure 67, which gives the titration curves Illustrating the forma- 
Uon of various silicates. Fifty cc of the O.IN acidor alkali solution 
was taken and increasing amounts of O.IN alkali or acid added. The 
total volume in every case was made up to 100 cc before taking the 
pH value with the glass electrode. 

Titration Curves of Al-Fe Hydroxides and Silicates 

For the purpose of this study silicic acid was prepared by adding 
7cc of N HCl to See of N Na2S103. Similarly, Al silicate and Pe 
silicates were formed by the addition of 7cc of N AICI3 or FeCU 
to 5cc of N Na2Si03. The two precipitates were mixed in equivalent 
amounts and titrated together with NaOH as well as separately. The 
results are plotted in Figure 68. It will be seen that the titraUon 
curves of mixtures of Al and Fe hydroxides and silicic acid are not 
identical with those of the Fe and Al silicates. The latter behave 
like stronger acidoids than the former. 

We have seen that silicic acid or Al and Fe silicates can be pre- 
cipitated by addition of HCl or chlorides of Al or Fe, respectively, 
to sodium silicate. By varying the proportions of HCl and the Al-Fe 
chloride, precipitates of varying proportions of Si, Al and Fe can 
be prepared. These precipitates were titrated with NaOH, both as 
such and after drying. The results are plotted in Figures 69, 70 
and 71. 

The essential difference between the titration curves of Fe and 
Al silicates should be noted. In the former there is no well-defined 
point of inflection, which is fairly prominent in the latter. On the 
whole, Fe gives weaker acid residue than Al. Another point worthy 
of note is the effect of drying, which has reduced the acidoid content 
very considerably. 

The titration curves of a number of H soils are compared to those 
of silicates in Figure 72. The striking similarity of the soil titra- 
tion curves to those of silicates is well brought out and should leave 
no doubt that in soils we are dealing with similar compounds: the 
curves of one or another of various silicates could be fitted almost 
exactly to those of some soil. The variations in soils, therefore, 
could be satisfactorily accounted for by the variations in the silica 
sesquioxide ratios of the silicates, as well as by the nature and 
amount of the sesquioxides. 

In H soils we have an initial pH value which varies from 3.5 to 
6.5, whereas in dry ferroaluminosUicates the variation is from 5.3 
to 6.2. This difference is satisfactorily accounted for by the pres- 
ence of humic acid in soils. This view is confirmed by determining 
the titration curve of a soil from which humus has been removed by 
alkali extraction and comparing it with that of the ordinal soil which 
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Fig. 67. Filtration of and NaOH with HCl, Fe Clj and Al Cl 
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Fig, 68. TltnUlMi Coryes of Fe and A1 Silicates and Mixture of A1 and Fe Hydroxides and Silicic Acid 
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Fig. 11. Titration Cupt€S of FerroaluminoslUcates 






TfT^AnON 



Fig. 72. Titration Curvas of FarroalumlDosUlcates and SoUa 
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contained 4.32% humus and also af^ter 

tracted soU (Figure 73). It will be seen toat the ;;^;;Je 

rises considerably on the remov^ of humus droos when 

range of ferroaluminosilicates. The pH value ag 

"“C of ferroaluminosaicata. which 

nature must render fruiUess any attempt at toem on the 

basis of their chemical composition. However, all 

and their mixtures show the properUes of we^ I flmooslUon of 
have as acidoids, when free from bases. The exact composiUo 



Fig. 73. Effect of Humus on the Titration Curve of Soil Acldoid 

the clay complex is not Important, and is not reducible to any laws. It 
has been produced by forces that can be classified only in a general 
way, and no two soils in the world are exactly alike. We are, there- 
fore, only concerned with the -quantity'^ and the “intensity” of the 
acidold in a soil. The simplest conception of this residual acidity 
is the analogy with ferroaluminosilicates, the titration curves of 
which are identical with those for soils. 

Interaction Between Ferroaluminosilicates and CaCOa* Ammonia, 
and Sulphides 

For this study, mixtures of varying silica, alumina and ferric 
oxide contents were prepared either by mixing the freshly precipi- 
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tated and dried constituents U^ether or by their simultaneous pre- 
cipitation from the same solution. Silica, alumina and ferric oxide 
were prepared in the following manner: 

Silica was obtained by mixing with continuous stirrup a hot solu- 
tion of HCl containif^ 10 per cent by weight of the gas with an equal 
volume of sodium silicate solution of density 1.85. The mixture set 
to a gel in about an hour's time. It was then broken into small lumps 
and washed free from salts, etc., and allowed to dry slowly at room 
temperature. The dried lumps were ground. 

Alumina was obtained as a gelatinous precipitate by the slow addi- 
tion of ammonium hydroxide, with vigorous stirrir^, to a solution 
of aluminum sulphate at room temperature. The precipitate was 
washed free from salts and ultimately dried in an air oven at 90- 


Table 6 fl. Interaction between alhca, alumina, lerric oxide and alllcatea 

and calcium carbonate 




CO 2 liberaUd (m.e./lM gm.) 

Bate equivalent {HR 3 ) 

SubsUnce 

pH 

B«(ore beillAf 

Aft«r heating 

(in.e./lOOgm.) 

SUieb 

6.86 

104 

6.62 

2.4 

FejOj 

7.62 

13.8 

11.9 

0 

S102*F«203, 1:1 

7.22 

10.7 

31.7 

17.6 

Ai |03 

7.68 

12.4 

10.6 

6.25 

S 102 * AI 2 O 3 , 1:1 

6.88 

8.51 

51.61 

17.5 

Al 203 « PcjOs. 

6.85 

5.50 

57.25 


8 t 02 :F* 203 , 3.87:1 
(CopreclplUU«n) 

7.58 

17.04 

63.06 


St 02 >Al 203 , 1.65:1 
(CoprscIpiUtIcA) 


18.84 

98.66 



lOO^C for 12 hours. Ferric hydroxide, was precipitated from its 
chloride solution in a similar manner. It was subsequently washed 
and dried. 

It will be noted that the various gels were prepared in as simple 
a manner as possible. It is useless to take any elaborate precau- 
tions in their preparation or purification. The extent of the chem- 
ical reactions in all these substances depends on their active 
mass, which in turn depends on such a variety of factors that it 
would be impossible to reproduce the results except by chance. 
These variations clinch the argument that similar variations in 
soils arerather a reflection of the basic similarity of the substances 
responsible for them. 

The decomposition of CaC 03 by these substances as well as in- 
teraction with ammonia was studied in the usual way. The results 
given in Table 68 show that both these reactions proceed normally 
as in the case of soil. 

Two points are of interest: that mixtures in each case bring 
about greater decomposition of the carbonate than the Individual 
constituents, and that when the two are coprecipitated the chemical 
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reaction is much more vigorous 

separately and mixed. This point wll shown to be 

The interaction between soils and ... formation of 

a straightforward decomposition of the su p i portion of the 

H2S. the quanUty of which is equiy^ent to the basic poruo ^ 

sulphide reacting with the soil, which again equ 

*"snfca**'w^“*J,r\"pSed by mixing slowly with conUnuous ^tirrmg 

equimolecular solutions of HCl and sodium silicate^ of laTteS 
allowed to set to a gel which was washed free of saiK wiu. 

distilled water and allowed to dry slowly. The le 

BaS was studied at different stages of drying: every 

was taken for treating with sulphide, a representative porUon was 

dried at 100 to ne'e for moisture content. , „f 

The results (Table 69) bring 0“* striking effect of mois^re 
content on the decomposition of sulphide. A 

shaken with excess Ba(OH)2 solution at the same time. The amount 

Ciblt ««. Reaction ot alllca and alumina with BaS and 6 a(OH >2 


SUlca 


moieture 

(%) 


1000 
020 
890 
890 
490 
233 
20 


HsS evolved Ba(OH )2 neutral laed 
(m.e./tm.) 


28.8 

23.6 

22.8 

19.5 

17.9 

4.8 

4.1 


26.3 

26.2 

26.0 

21.6 

20.8 

*'s!9 


Alumina 


moisture 
<%) 


H23 evolved 
(m.e./gm.) 


2270 

1500 

1230 

1060 

150 

50 


Ba(OH)2 neutralised 

(cn.e./s^.> 


28.37 

23.18 

20.80 

19.82 

4.75 

4.35 


33.66 
29.1 
27.0 
25,6 
10. B 
5.4 


of Ba(OH)2 neutralized by each sample is also included • 

The two sets of values are odmost Identical, thus establishing the 
essential similarity of the two reacUons, namely, decomposition of 


BaS and neutralization of Ba(OH)2- 

Alumina was prepared by a process somewhat similar to the one 
described for silica. To a normal solution of aluminum sulphate 
an equivalent amount of ammonia solution was added with 
shaking. The resulting gel was washed free of salts with distilled 
water. ReacUonwith BaS and Ba(OH)2 was studied exactiy as in the 
case of silica. The resulU (Table 70) show the close similarity of 
silica and alumina in this respect. 

Iron oxide prepared in a similar way turned out to be poor in 
this respect. Even at 2000% moisture content it could decompose 
only 2.7 milliequivalents of sulphide. 

Attention was next directed to aluminum silicate, which was also 
prepared in a similar way by the addition of aluminum sulphate to 
sodium silicate with vigorous sUrrii^. Two samples of the silicates 
were prepared with different Si02/Al203 ratios: 


Sample No. 1. SiO2rAl203 = 2.8:1 
Sample No. 2. SiC)2:Al203 » 1:2.01 
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Results of decomposition of BaS (Table 70) show the general simi- 
larity of behavior with silica and alumina. There does not appear 
to be much difference in the two silicates due to the variations in 
the SiOo/Al203 ratio, although the results for silicate No. 2 are 
slightly higher than thoge for Ho. 1. 

Ferric silicate prepared similarly by the addition of 2N solution 
of ferric chloride to an equivalent amount of sodium silicate showed 
values for BaS decomposition that were distinctly lower than those 
for aluminum sUicate. This will be seen from Table 71, There 


Table 70. Reaction of Aluminum slllcete with BaS 


Sample Ko. t I 

Sampla He. 2 

Mokaturo 

H 3 S evokvad 

Moltture 

H 28 trolved 

(%) 


(%) 

(m.c./fm.) 

3232 

31.02 

1640 

30.20 

2600 

30.70 

1060 

23.62 

1232 

30.30 

070 

18.20 

9S0 

21.73 

233 

8.24 

608 

18.37 

107 

7.80 

300 

0.40 

43 

7.84 

143 

7.76 



43 

7.80 




Table 71. Reaction of ferroalumlnoeUleate and ferric eUlcate with BaS 


Ferroalumlnpa 1 1 lea it 

Fvrrlc aillcait 1 

[SlOsiFtsOs - 2 . 0 : 1 ) 

Molaturt fO) 

Hj 8 (n.t./fm.) 

Motatur# 

H 38 (m.t./fm.) 

1378 

19.8 

1160 

21.7 

921 

17.0 

730 

10.6 

802 

17.1 

320 

9.96 

497 

13.0 

210 

6.00 

200 

9.9 

00 

8.26 

134 

0.0 

21 

6.11 

77 

7.3 1 



9 

7.0 




was not much improvement when aluminum was introduced in the 
ferric silicate, with a mixture of ferric chloride and aluminum sul- 
phate. The ratio of the various ingredients In the f err o alumino- 
silicate was: 

Si02:Al20$:Fe203 - 2:1.06:0.9. 

To complete the analogy between soli acidoid and ferroalumino- 
silicates, the hydrolysis of ethyl acetate as well as free acid pro- 
duced on shaking with KCl were determined with a number of sili- 
cates. The chemical composition of the silicates is given in 
Table 72. 
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The hydrolysis of ethyl «:etate was studied wito 
ferroaluminosllicates by mixing 5-gram portions 

per cent ethyl acetate solution. The sf ® irel^eXi 

for 4 hours, during which they were sh^en by 

tervals. After this they were cooled and filtered o. 

Utrated against standard alkali. The quantities ^etic acid pro 
duced in the case of various silicates are given n Table 72. The 
values increase in the order of increasing ratio of sUica 
in the mixtures. The amount of HCl produced on reaction with a 

neutral salt also follows the same trend. 


Table 72. Hydrolyal* oi ethyl aeeUte and -eaehange acidity* with KCl ol 

ferroaium Inos kl kcMs 


No. 

r«203 

(%) 

AI2O3 

i%) 

1 

SI2O 

81 Uca/xesquioxlde 
raUo 

Z 

(m.e.) 

HC 

A 

(m.e.) 

1 

B 

(m.d.) 

A A 

1 

2 

S 

4 

5 

6 

7 

% 

10.3 
13.7 

11.3 
9.7 
9.0 

9.4 

3.4 
3.3 

0 

0 

3.9 

6.3 

9.3 

9.7 

9.9 

11.3 
13.9 

16.4 

66.7 
66.6 

67.2 
69.4 

69.8 
62.6 

96.3 
71.2 
76.0 

2.69 

3.2$ 

3.26 

3.26 

3.29 

3.29 

3.97 

4.14 

4.97 

1.0 ‘ 

1.46 

1.76 

1.83 

1.96 

2.70 

2.90 

3.32 

3.26 

13.0 

17.0 

21.0 
22.0 

26.0 

29.0 
33.6 

34.0 

8.0 

10.0 

16.0 

17.0 

20.6 

23.6 

26.0 
27.1 


t • «c«llc acid produced by hydrolyslc of elhyl aceUte. 

A • * Exchance acidity* by lltrallon lo phenolphUaleln. 

B ■ *Q(chance actdl^* ^ titration to methyl orange. 

Note: the difference between 100 per cent and the total conatltuenta of 
each mixture la due to water oi bydraiton. 


Mechajlical analysis of ferroalumlnosilicates and their moisture 
absorption from atmospheres of various humidities will be discussed 
under appropriate sections. All these physicochemical properties 
of silicates show a close resemblance lo soil colloids in all essen- 
tial respects. We can, therefore, say that soils are nothing but 
ferroaluminosllicates produced in nature's laboratory. 

This assertion opens up a question of general interest, namely, 
what exactly is the nature of the combination between silica and 
sesquioxldes? We have seen, for instance, that the reactivity of 
silica is greatly enhanced by the presence of alumina. It is, there- 
fore, of great importance to know how this increase in reactivity is 
brought about. Atthesarae time we would like to know if the nature 
of the forces that bind the two molecules Is the same in soils as in 
artificially prepared silicates. It is to be remembered that the 
manner of formation of the silicates in natural soils is entirely dif- 
ferent from that of the laboratory. In nature this combination was 
brought about by fusion. The compact solid mass thus produced 
disintegrated due to weathering and thus exposed surfaces which had 
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monomolecular layers of the silicates. On the other hand» in the 
laboratory the product has been synthesized by precipitation. 

On the face of it one would expect that the fusion would result in 
molecular combination, whereas precipitation would cause a com- 
bination that may be described as amolecular. For instance, as 
silica and sesquioxides are precipitated, the molecules are sure to 
form aggregates, and it is these aggregates which mesh together, 
no doubt by chemical valence forces, but much feebler in intensity. 
Moreover, the chemical reactivity and physicochemical properties 
of the silicates must be capable of infinite variations due to chance 
aggregation influenced by temperature, concentration and state of 
agitation of the liquids. The artificial silicates, therefore, have a 
porous structure, whereas individual particles in soils have a com- 
pact mass. 

This may sound heretical, for the porosity of soils is notorious. 
However, if we believe that soils have been produced from solid, 
compact rocks by disintegration, we have to stop somewhere, even 
if it is the core of the original rock in the heart of the particles. 
This core is absent in ferroaluminosilicates prepared in the labora- 
tory by precipitation, and this fact constitutes the difference between 
the two. Not that such a difference is important, except that one 
will have a greater percentage of active mass than the other; quali- 
tatively, the two would be exactly alike as regards their chemical 
reactions toward alkalies, and so on. However, when they are sub- 
jected to some drastic treatment, such as reaction with a strong 
acid, obviously their behavior will be totally different. In that case 
the artificially prepared, porous, amolecular compound of silica 
and sesquioxides would readily part company with the hydroxides 
and the acid will "get them”, leaving behind some gaps of varying 
dimensions. Soils on the other hand would resist such treatment. 
The aluminum and iron formir^ the monomolecular surface may 
have their other end strongly attached to the rigid surface of the 
core that was the original rock. This molecular combination will 
not allow the acid to dissolve the hydroxides, leavii^ the silica be- 
hind. A portion of it may still dissolve, of course, but only a small 
fraction as compared to the total amount present; the case of the 
precipitation of phosphoric acid as phosphate of Fe or A1 is similar. 
In artificial silicates all the Fe and A1 will be precipitated, whereas 
in the case of soils only that portion will be precipitated which con- 
stitutes the surface. If this portion is removed by acid treatment 
pribr to the addition of a phosphate, no phosphoric acid is removed. 

We shall first study the interaction between silica and weak in- 
soluble bases and then the effect of acid treatment on the physico- 
chemical properties of soils and aluminosilicates. Pure samples 
of silica, alumina, ferric oxide and magnesium oxide were prepared 
in the ordinary way by precipitation. They were allowed to dry slowly 
at room temperature. The dried lumps were ground. Mixing was 
brought about by (1) grinding (2) shaking (3) boiling and (4) copre- 
cloitation. 
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wlJ^Txcets ?f OaN ammlnia 

shaking. The suspension was then boiled to naii substance 

excess was driven off, and the amount retain a 

determined by heating with lime and er- 

known volume of standard H2SO4. The " f "‘‘t tefo« 

ent silica* alumina mixtures as well as ^e pure co 
and after grinding are given in Table 73. 

Table 73. Neutralltauon of nmmooU by silica alumina and silicates, 
determined by two methods 


Molecular 

ratio 

Silica: Alumina 


Ammonia uken up (m.e./lOO fm.l 


without grinding 


Method J 

with grinding 


1:0 

0:1 

1:1 

2:1 

3:1 

4:1 

3:1 


1.2 

8.2 

17.5 
25.0 

25.0 

12.5 

10.0 


2.4 

10.0 

iii.i 

17.8 

25.0 

20.0 


l^thoul grindtl^ 


Methodll 

.with grinding 


10.0 

10.0 

17.8 
30.0 

27.8 

3s!o 


35.0 

40.0 

30.0 

Vslo 


Grinding as such does not appear to affect the 
alumina or silica; therefore, the increased values of am monla Uken 
up by the mixtures must be attributed to causes other than 
In fact, when the proportions of the constituenU are roughly the 
same, grinding has a slighUy adverse effect. It is only 
the constituenU is present in large excess that grinding 
for a uniform and thorough blending of the two. The slgnlfic^t 
conclusion brought about by these observations is that intermixing 
of silica and alumina resulU in increasing appreciably the reM- 
tivity of the material toward ammonia, which persists even 
the SIO2/AI2O3 ratio Increases to 5:1. It is a remarkable fact that 
silica and alumina, both practically inert toward ammonia, acquire 
considerable reactivity when mixed, and that the neutralization 
value of silica rises from almost nothing to about 20 m.e./lOO grams 


when mixed with a small quantity of alumina. 

The technique employed for the study ^ neutralization by ammonia 
involved boiling the mixture to drive off excess ammonia. It is pos- 
sible that thorough • mixing of the constituents might have been 
brought about at that time. In order to find out whether silica, can 
manifest increased reactivity toward ammonia in the mere presence 
of alumina, i.e., even when silica and alumina are not thoroughly 
mixed by grinding, the neutralization with ammonia was studied in 
another way. 
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Five-gram portions of the various substances were kept over N 
ammonia solution in a vacuum desiccator for four days and then 
over concentrated H2SO4 for the same interval of time, after which 
the ammonia retained was determined in the usual way. The results 
are included in Table 73. These values are somewhat higher than 
those obtained In the previous case. The effect of grinding is also 
more significant, resulting in a higher value In every case. The 
differences between the reactivities of the constituents and the mix- 
tures are again brought out. The reactivity is increased appreciably, 
even when the constituents are not ground but only mixed thoroughly; 
but grinding, as is to be expected, increases this value still fur* 
ther on account of better uniformity in the various mixtures. 

Similar results were obtained with mixtures of silica and ferric 
oxide and silica and magnesium oxide (Table 74). 


Table 74. Neutrahsation oi silica, Cerr Ic oxide, magnesia and 
their mixtures by sracnonta 


mol. ratio 

Ammonia taken up <m.e./l00 gm.) 

Silica * ferric oxide 

SlUea ♦ macnesia 

silica 

base 

without grinding 


wii&out gruMii^ 

wlih grfnoing 

1 

0 

1.2 

3.4 1 

1.2 

2.4 

0 

1 

0 

0 ' 

0 

0 

1 

1 

12.9 

17. ft 

12.9 

17.5 

a 

1 

ft.29 

ft.2S 

9.37 

9.37 

3 

1 

9.37 

9.37 

9.37 

ft.2ft 

4 

1 

9.37 

11.2ft 

13.5 

12.5 

ft 


9.37 

6.2$ 

9.37 

ft.2ft 


l^ble 7S. DecomposUion of CaCOg by sfUcs. alumina 
and (heir mixtures grinding 


Mol. ratio 
silica : a esqutoxlde 

CO> liberated (m.e./lOO gm.) 

Perric cotlde 

Alumlnutn oxide 

1:0 

20.1 

20.1 

0:1 

2S.7 

20.6 

0.2:1 


44.8 

0.ft:l 


S1.3 

1:1 

42.4 

60.1 

2:1 

49.6 

60.0 

3:1 

3$.3 

64.3 

4:1 

32.5 

57.0 

ft:l 

a 32.4 

58.1 

6:1 

25.1 

45.6 


Next the decomposition of CaC03 by the various mixtures and the 
individual constituents was determined. The method consisted in 
adding 5 grams of the mixture to'l gram of solid CaC03 and about 
100 cc of water, heating the suspension and collecting the CO2 Hb* 
erated in standard Ba(OH)2 solution (Table 75)» 
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The mixtures in all cases show greater acidity than the consUtu- 


Boilli« or shaking the constituents in the form of suspensions 
also resulted in enhanced reactivity, as would be expected. 

PreclDlUtion of Mixtures byCoprecipltatlon. Silica md ^umin , 
as "well as silica and ferric mrtde, were coprecipitated 
molecular proportions by adding calculated amounts of AICI 3 
HCl (or FeClg and HCI) solutions to sodium sUicate. Ammonia 
neutrallzaUon was determined In the usual way. Besides this tneir 
reacUvity toward Ba(OH )2 was determined. This was done in ^o 
ways. The first was by electrometric titration curves with th 
antimony electrode, typical examples ofwhich are shown in Figures 

74 and 75. Inthesecondmethod, the Ba(OH) 2 uptake was deterimned 

by adding 2-gram portions of the materials to SOccO.lN 
solution, shaking for 15 minutes and then titrating an aliquot of we 
clear solution. It need hardly be mentioned that 15 minutes 
is not adequatefor the completion of the reaction, but our immediate 
concern being the study of the influence of one constituent on the 
other, only comparative values were desired. 

The results of these observations in the case of silica -alumlw 
mixtures are given in Table 76, The neutralization values of the 
mixtures were read from the titration curves at the points of inflec- 


tion. 


Table 76. Reactivity of silica - alumina 
mixtures prepared by coprecipitation 



Base taken up 

(m.e./lOO gm.) 

Ratio 



Ba(OH)2 

Si02/Al203 

Ammonia 

(A) 


(B) 

0.579 

160 

120 


157 

1.235 

140 

e a ♦ ♦ ^ 


433 

3.37 

170 



400 

4.53 

190 

176 


400 

8.20 

165 

118 


530 

9.47 

180 

160 


520 

Pure silica 

1.2 




Pure alumina 

8.2 





A » Interpolated from titration curve. 

B s Ba(OH)2 removed from excess in solution. 

These results show enormous Increase in the neutralization 
values in the mixtures. Besides, when these results are compared 
to those obtained by mechanical mixing by grinding, boiling or 
shaking, it is seen that the process of coprecipitation yields mix- 
tures of much higher reactlvi^. Results with ferric oxide and 
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zinc oxide were similar; in both cases increased reactivity toward 
ammonia was recorded, as will be clear from Table 77. 


Table 77. Reactivity of ferric oxide -silica and sine oxide - 
silica mixtures prepared by coprecipitation 


Composition 

Sl02/Fe203 

Ammonia 
(m.e./lOO gm.) 

Composition 

SiC^/ZnO 

Ammonia 
(m.e./lOO gm.) 

0.164 

10 

0.16 

0 

0.523 

5 

0.80 

15 

2.42 

35 

1.57 

10 

3.87 

35 

2.82 

25 

6.45 

20 

11.14 

30 

9.16 

35 

12.76 

30 

10.00 

15 



11.06 

10 



Pure silica 

1.2 



Pure Fe203 

0 





Fty. 74. Titration Curves of Silica- Alumina Mixtures CHdtalned by 

Coprecipitation 

The interaction between solid silica and insoluble oxides accords 
with the view that the surface of every solid is chemically reactive. 
The aggregation of molecules merely results in renderir^ chemical- 
ly ineffective those molecules that do not constitute the surface. A 
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solid in bulk is chemically inert because the mass of 
constituting the surface is infinitesimally small. We have air y 
recognized as the acUve mass of a solid that proportion which con- 
stitutes the surface, and we have seen that as regards chemical 
actions it is in no way different from matter in the 
state. Therefore, if the molecules of silica and sesquioxides oy 
virtue of their chemical valence can combine with each other, mere 
is no reason why they should not do so when surfaces consUtu^ 
the molecules come into contact Exactly how the enhancement ol 
the chemical reactivity takes place is not very clear, but this much 
is certain: the effect manifests itself only in the case of dried 
samples. For instance, the maximum stoichiometric amount of 
Ba(OH )2 taken up by molecularly dispersed silica or alumina when 
both have 100% active mass is never exceeded. It is only on drying, 
when aggregation takes place and the active mass is reduced cor- 
respondingly, that differences in their reactivity appear. It is very 
likely that the combination of silica and sesquioxides results pri- 
marily in a change in the intensity of acidity and incidentally in the 



cc of 0.1 N Ba<OH)2 to 0.5 gm Sample 

Fig. 75. Titration Curves of Alumina-Silica Mbdures Obtained by 

Copr ec ipitation 


quantity of acidity, on account of the resulting differences in the s.ize 
distribution of the aggregates on which the total surface depends. 

As pointed out before, in natuT'U soils we have molecular associa- 
tion between silica and sesquioxides and in similar silicates pre- 
pared in the laboratory we have associations between aggregates of 
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molecules. It is necessary at this stage to guard against a possible 
misconception that Is likely to arise from the above statement. 
When silica or alumina is precipitated separately, the flocculant 
mass is a molecular dispersion which may consist of strings of 
monomolecules, plates or even tubes. Therefore, although they 
may have 100% active mass as regards interaction with a substance 
in molecular dispersion, interaction between two such conglomerates 
of molecules will not be a molecular combination in the same sense. 
Although the surfaces are there, the points of contact are fewer, 
and therefore the chemical reaction will be restricted to those 
molecules that can come within the molecular range of attraction. 
This being the fundamental difference between natural silicates in 
soils and artificial ones prepared in the laboratory, we should ex« 
pect a marked difference In the behavior of the two toward acids. 

In the present work the dissolving action of acid solutions of vary- 
ing concentrations on some aluminosilicates as well as on a few 
typical soils was determined, and its effect on some physicochemical 
properties of residual material was studied in detail. 


Tabu 76. Removal of seaqutoxtdei from soils and A1 slheates by add. 

Grams of aeaqgtoalde removed per 100 jtn. of dry material 


dtren^ 
of HCl 


SlliCftUs 

SolU 

(1) 

(2) ' 

(3) 

(4) 

($) 

(6) 


P.C. 19 

P.C. 129 

2.67 

0.66 

0.9$ 

1.12 

0.62 

0.66 

.029 ' 

.$6 

.221 

7.2$ 

2.60 

2.00 

2.07 

. MS 

1.24 

.063 

.666 

.20 

e.4S 

9.10 

4.10 

4.76 

1.67 

2.92 

.094 

1.46 

.90 

19.$0 

12.60 

12. $0 

12.96 

6.S0 

7.6$ 

.194 

2.7$ 

1.6$ 

24.90' 

2M0 

29.90 

21.90 

10.7$ 

11.9$ 

.190 

2.6$ 

2.9$ 


0.0$N 

O.IN 

0.2N 

O.SK 

N 


Six aluminosilicates of the following Si02/Al203 ratio prepared 
by coprecipitation were used for this study: (1) 0.S79, (2) 1.235, 
(3) 3.37, (4) 4.53, (5) 8.2, (6) 9.47. Similarly the acUon of these 
acid solutions was determined on three typical soils: Lab. No. 
P.C. 6, 13 and 123. They contained 28.4, 55.0 and 85.6% of conven- 
tional clay, respectively. They were converted into H soils by 
0.0 5N HCl treatment to bring them to a uniform basis. 

Forty-gram portions of each material were leached separately 
with 500 cc in 100-cc lots of N/20,N/l0,N/5,N/2 and N HClsolu- 
tions. The amount of sesquioxide leached out in every case was 
determined (Table 78). 

The following conclusions may be drawn from the observation: 
(1) Soils can resist the action of acid solutions of even moderate 
strength, such as N HCl, to a much greater extent than alumino- 
silicates, which in fact tend to lose almost the entire amount of 
alumina in most cases. (2) The difference in the amounts of the 
sesquioxides washed out in the two cases (aluminum silicate and 
soils) goes on Increasing with increase in the strength of the acid 
solution. The results indicate that the association between silica 
and sesquioxides in natural soils is molecular, whereas In the case 
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of artificial silicates it is between molecular aggregates. It is of 
course understood that forces involved in both cases are due to 
chemical valence. _ 

It would be interesting to see how far the chemical reactivity is 
affected by the gradual removal of the sesquioxldes in the two cases. 
Neutralisation of the residual material by ammonia as well as by 
Ba(OH)2 after acid treatment of soil as well as aluminosilicates was 
determined as a measure of their chemical reactivity (Table 79). 
The amounts of sesquioxldes removed by acid treatment were given 
In the previous table. 

Table 70. Effect of acid treatment on the chemical reactivity 
of soils and aluminum silicates 


6tpen?th 

m«e. 

of ammonia or ! 

Ra^OHln neutralized per 100 gm. 

of 

a) 

<2) 1 

(3) 1 

(4) 

(5) 

HCl 

A 

B 

A 

B 

A 

B 

A 

B 

A 


Control 

160 

157 

140 


170 

400 

160 

400 

165 

$30 

0.05N 

142 

137 

.. . 

♦ ♦ 1 

177 

320 

115 

360 

165 

500 

O.IN 

160 

157 

120 

... 

165 

343 

105 

380 

155 

520 

0.2N 

130 


140 


185 

360 

90 

380 

125 

480 

0.5N 

« • • • 


130 

♦ #e 

160 

380 

62 

500 

70 

600 

N 

110 

• e # 1 

200 

e 

92 

540 

35 

640 

20 

700 


(6) 

P.C 

. 6 

P.C 

. 13 

P.C. 

123 




A 

B 

A 

B 

A 

B 

A 

B 



Control 

160 

520 

10 

20 

42 

120 

22.5 

80 



0.03N 

165 

570 

10 

10 

55 

138 

22.5 

100 



O.IN 

165 

540 

5 

20 

50 

136 

22.5 

80 



0.2N 

145 

544 

10 

20 

52 

140 

22.5 

120 



O.SN 

70 

620 

10 

20 

55 

140 

27.5 

100 



N 

30 

740 

15 

20 

SO 

145 

27.5 

130 




The results with soils do not show any marked variations in their 
reactivity as a result of acid treatment. In the case of P.C. 13 
acid* treated soil, some Increase in ammonia as well as Ba(OH)2 
uptake Is noticed as a result of 0.03N HCl treatment, but thereafter 
the values remain more or less unchained, even on more drastic 
acid treatment and elimination of comparatively larger amounts of 
sesquioxldes. This increase is very probably due to the removal 
of some residual bases which might have escaped the first acid 
treatment. This soil (P.C. 13) contains a large amount of Ca saloid 
which Is rather difficult to remove from an undispersed soil. Since 
there is no subsequent increase in the value of ammonia or Ba(OH )2 
taken up, it may be inferred that acid treatment, as such, does not 
affect the reactivity of soil toward alkalies. 

Results with aluminosilicates show that the values of ammonia 
taken up are not affected appreciably by the gradual removal of 
alumina until the proportion of alumina becomes very small— in 
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fact, almost nil. On the other hand, there is absolutely no decrease 
in the neutralization value for Ba(OH)2 which if anything shows an 
increase on the removal of alumina. These results a^ain confirm 
the view that the presence of alumina or iron oxide tends to intensify 
the acidity without affecting its quantity. Both ammonia uptake and 
decomposition of CaC03 are affected by the intensity of acidity, at 
least in the case of the first hydrogen of the dibasic acidoid. It is 
in fact somewhat similar to the effect of one ion on another in a 
binary mixture in changing its dissociation; and as surfaces are as 
susceptible to such influences as molecules in solution, it is not 
difficult to visualize the influence of an ampholytoid like alumina on 
an acidoid. This view is confirmed by the fact that only a small 
amount of one is required to produce an appreciable effect, and 
further amounts have very little effect. The removal of alumina or 
ferric oxide from a silicate would hardly affect the extent of the 
surface; if anything, a small Increase might be expected. Since it 
is the extent of the surface that determines the active mass or 
quantity of acidity, we have a slightly enhanced value for the Ba(OH)2 
taken up. Soils, on the other hand, only give up the portion of the 
sesquioxide on the surface. This slightly Increases the extent of 
the surface, but at the same time leaves sufficient so as not to affect 
the intensity of acidity. For when the sesquioxides form an integral 
part of the surface in molecular combination with silica, it is diffi- 
cult to conceive of their complete removal by mere acid treatment 

It is emphasized, however, that beyond this quantitative difference 
which lies in the very nature of things, the aluminosilicates consti- 
tuting the soil surface are in no way different from silicates pre- 
pared in the laboratory. We have at present no means of reproduc- 
ing the results achieved by nature; for although we can fuse silica 
and alumina together, we cannot bring about its disintegration into 
smaller particles which nature has taken several centuries to ac- 
complish. 

The results of acid treatment discussed in the foregoing have in- 
dicated the structural differences between natural and artificial 
silicates. However, by controlling the pH value of the acid solution 
we can bring out the essential similarity between the two. This can 
be done by studying the interaction between soils as well as arti- 
ficially prepared ferroaluminosUicates and acid solutions of dif- 
ferent H ion concentration. It is quite obvious that in the breakdown 
of the silicates with the dissolution of sesquioxides, pH value must 
play an important role. 

The three soils previously used (P.C. 13, 123 and 292) were em- 
ployed in this case also, and were converted into H soils by pro- 
longed acid tr e atment. The thre e s 11 ic ates us ed wer e iron, alum inum 
and a coprecipitated mixture of the two. The chemical composition 
of the soils as well as the silicates is given in Table $0. The 
buffer solutions of different pH values were prepared by mixing N 
sodium acetate solution with N HCl in requisite proporUons. The 
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Table 80. Composition of H soils ari d silicates 

p.»rrentages of various constltueni^ 


Substance 


Sou P.C. 13 
* * 123 

» • 292 

Fe silicate 
Ai silicate 
Fe-Al silicate 




19.1 

22.6 

16.8 

13.5 

6.15 


AI2O3 


25.6 

16.4 

20.4 

isles 

13.75 


SIO2 


48.8 

52.4 

55.8 

58.05 

61.6 
47.15 


Water 



pH values of these buffer solutions were checked by the glass elec- 
trode and the values actually S’® various soils 

were added to 80 cc of the buffer solutions of different pH values 

®7he Slowing conclusions may be drawn from 
Ferric oxide is dissolved more readily man ihe 

Uons, on account of me stronger basicity of me former. (2) The 
reaction appears to be conUnuous in me InlUal ^® *^^®^ 

down of me silicate Increaslngwimtlrae; but after 32 hours |urmer 
increase in me amount of ferric oxide passing in solution is very 
small, and mere is indlcaUon mat after about 32 hours some sort 
of constant value might be obtained. In me case of alumina ^® ®”^ 
of dissolution Is reached much earlier. (3) Wim the rise in me pH 
value of me acid solutions employed, me amount of 
passing in soluUon goes on decreasing. The relatlOMhlp between 
the pH value of me buffer solution and me amount of sesquloxide 
dissolved by it after 48-hottrs is shown in Figure 77. htolmum 
amounts are seen to have been dissolved at me lowest pH value. 
When me pH value Increases from 1.04 to 1.85 me fall in me amount 
of sesquioxldes which pass into solution is very great, but with sub- 
sequent rise in pH value, further decrease in this quantity is small 
and slow. (4) The resistance of soils toward acid solutions is weu 
brought out. For instance although P.C. 13 soil contains over 19% 
of Fe203 and over 25% of alumina, only 15.7% of the total F€203 
and of the total alumina present in the soil is dissolved. (5) 

The breakdown of the soil silicates under similar conditions of ex- 
periment does not take place to the same extent in all soils. This 
would obviously depend on the specific surface, which is different 
in different soils. 

Reaction with SUicates. Similar experiments were made with the 
various silicates. The results in the case of ferroaluminosilicate 
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Fig. 76. Interaction between SoU No. P.C. 13 A.T. and Acid Solutions when 
Shaken Tc^ether for Different Intervals of Time 

are plotted in Figure 75 and show a general similarity with soils. 
Results with other silicates showed no fundamental difference and 
therefore are omitted. The maximum amounts of the sesquioxides 
dissolved in 100 cc of the various buffer solutions in four hours’ 
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time in thecaseof soils as well as ferroaluminosllicates are plotted 
against the pH values of the buffer solutions in Figure 78. They 
bring out the remarkable similarity between soils and artificial 
silicates; the extent of the reaction in the case of silicates is much 
larger than with soils, when the pH value of the buffer is 1.04. 
With other buffer solutions, however, the amounts of sesquioxides 
passing in solution from silicates are of the same order as in the 
case of soils. This emphasizes the essential similarity between the 
two. A gentle treatment only touches both superficially; a more 
drastic treatment attacks the sesquioxides lodged in the minute 
capillaries, which also explains the slowness of the reaction. As 
pointed out before, coprecipitated silicates are molecular com* 
pounds of aggregates which would necessarily leave large gaps In 
the interstices. The dissolution action of the acid on the sesqul* 
oxides would amount to interaction In these minute capillary spaces 
where the rate of reaction must be limited by the rate of diffusion 
in them. 



CHAPTER XXIV 
HUMUS IN SOILS 


Humus in sous is a complex body, the exact natare of which de- 
pends on its origin and mode of formation. It has, however, 
sSSic p?operUes which distinguish it from other «atur^ bodies, 
^d from the practical point of view the term “humus in soil is 

well understood In a general way. , . 

The alkali-soluble humus In soUs constitutes » group of sub- 
stances that are distinct from the rest of the 

most important common property of this Yre 

like sou acidold, exhibit acidic properties and Uieir all^i sMte are 
h^hly dispersed in water. In this respect the properties of humic 
acW are so slmUar to those of H soils that a mixture behaves like 
a single substance. The so-called humus in soils, therefore, would 
not require separate treatment; as weak electrolytes they consti- 
tute a part of the soil which is in no way different from the rest of 

the mineral portion. , . ^ 

It is not sufflcienUy recognited that when we speaK of the solu- 
bility of humus In alkalies we refer to the formation of the alkau 
salts of humic acid. To bring out the close similarity between the 
inorganic porUon of the soU and humus we can study the formaUon 
of humic acid and humates potentiometrically. 


Humates of Alkali Metals 

Alkali humates are soluble In water and may be the basis ot 
formation of other humates. The best method of studying the forma- 
tion of alkali humates is to follow the UtraUon curves of humic acid 
with alkali hydroxides. Such Utration curves are shown in Figure 79. 

In view of the fact that the neutralization of a weak acid with a 
strong alkali takes place when the pH value is raised by 4 pH units, 
the neutralization of humic acid takes place at pH 7.6. It will be 
noUced that a faint but distinct point of inflection occurs in the 
neighborhood of this pH in all the curves in Figure 76. The trend of 
the curve, however, shows that we are probably dealing with a mix- 
ture of humic acids of slightly different dissociation constats. It 
is also not unlikely that, as in soils, we may be dealing with dibasic 
acids. However, the exact nature of the mixture of acids or their 
basicity is not vital to the ailment. The main consideration is 
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that the titration curve is definite, not with one alkali but with all, 
and the slight differences noticed in the case of individual alkalies 
are well known in the case of soluble acids. 



Fig. 79. Titration Curves of Rumic Acid with Alkali Hydroxides 

Humic acid 0.1 gram 

Humic Acid 

Humic acid is formed by the action of dilute acid on alkali hu- 
mates. The course of its formation from Na humate by HCl is 
shown in Figure 60 (titration curve) and Figure 81 (precipitation 
curve). 

It is seen that the complete precipitation of humic acid takes place 
when an amount of acid equivalent to the Na in the humate has been 
added. Thus if we take sodium humate of different pH values, the 
titration curves are the same, but the precipitation curves shift to 
the right or left, so that more or less acid is required for the pre- 
cipitation. The precipitation of humic acid with HCl is completed 
at approximately pH 1.8. The beginning of the precipitation, how- 
ever, depends on the pH of the Na humate, occurring at a higher pH 
value for Na humate of a lower pH value, and vice versa. It is also 
seen that humic acid is partly soluble even at a pH value as low as 
1.5. 

Humates of Alkaline- Earth Metals 

Ca, Mg and Ba humates can be prepared by the direct neutraliza- 
tion of humic acid with the corresponding hydroxides or by the addi- 
tion of soluble alkaline earth salts to Na humate. The former reac- 
tion can be followed accurately from the titration curves of humic 
acid with alkaline -earth hydroxides. 
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As in soil, insoluble humic acid can react with alkaline -earth 
hydroxides and give perfect titration curves, in spite of the fact that 
the reaction products are also insoluble. (Figure 82). 



Fig. 82. Titration Curves ot Humic Acid with Alkaline Earth Hydroxides 

Kumlc acid 0.1 gram 

The precipitation of alkaline -earth humateswlth the correspond- 
ing chlorides was also followed potentiometrically. Increasing 
amounts of CaCl 2 > MgCl2 ^<1 BaCl 2 were added to Na humate solu- 
tion and shaken for 24 hours, though 2 hours* shakii^ Is sufficient. 
The pH value of the mixture was determined by the glass electrode, 
after which the mixture was filtered. An aliquot of the filtrate was 
taken and humus was determined by the alkaline permanganate 
method to be described later. The results are plotted in Figures 8$ 
and 84, the former giving the pH changes during precipitation and 
the latter Indicatif^ the amount of humus precipitated as humate 
and that remainif^ in solution. It is seen that Ba humate is the 
least soluble and that Mg humate is appreciably soluble. 

A careful examination of Figures 83 and 84 reveals that a break 
in the titration curve corresponds to the point at which precipita- 
tion of the humate begins. The difference is not very great per- 
haps, but the abrupt change indicates that the humates of the alka- 
line-earth metals are precipitated in the colloidal state when the 
pH is high, and they subsequently precipitate when the pH value is 
reduced below a certain minimum. The gradual lowering of the pH 
value during the addition of alkaline- earth salts is parUy due to 
the salt effect and partly to the gradual diminution in the concen- 
tration of sodium humate. The non -precipitation of humates at 
higher pH values may also be due to the peptizing action of the 
sodium humate. This is confirmed by the fact that the solubility of 
alkaline -earth humates in water is greatly enhanced by the addition 
of Na humate. This increased solubility, however, depends on the 
pH value of Na humate: the higher the pH value the greater the 
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solubility. This will be clear from Table 81, which gives the solu* 
bility of alkaline -earth humates in Na humate of varying pH values. 

One-tenth gram of the humate was shaken with 20 cc of water 
containing 0.1 gram of Na humate. The results are expressed in 
percentage of the alkaline -earth humate dissolved on shaking, the 
amount brought into solution being determined by titration with 
alkaline permanganate. It is seen that the peptization is highest with 
Mg humate and lowest with Ba humate. This is exactly what would 
be expected from the precipitation curves given in Figure 84. It 
must be pointed out that the solubility of alkaline -earth humates in 
water is greatly reduced by the addition of the corresponding salts. 
This will be clear from a comparison of Figure 84 and Table 81. 


Table 81. Peptization of alkaline- 
earth humates by Na humate 


pH of 

Na humate 

Percentage peptization 

Ca 

Ba 

Mg 

8.19 

36.1 

49.0 

55.8 

9.17 

57.6 

50.5 

66.6 

10.62 

90.0 

62.0 

92.5 

Water 

24.8 

11.6 

52.5 


Iron and Aluminum Humates 

Humates of Fe and A1 can be prepared by the addition of FeClg 
and AICI3 to a solution of Na humate. The titration curves of Na 
humate with FeCl3 and AICI3 are given in Figure 80 along with that 
for HCl, to which they are similar. In the Fe and A1 curves there 
is an indication of a point of Inflection near the equivalent point 
One cannot, however, be sure whether the addition of FeCl3 or AICI3 
results in a chemical compound or merely in the simultaneous pre- 
cipitation of humic acid and iron or aluminum hydroxide. Such a 
CO- precipitation would result in an intimate mixture of the two com- 
pounds. If equivalent concentrations had been employed, the result- 
ing precipitate would contain iron and aluminum hydroxide and 
humic acid in stoichiometric proportions; but the stoichiometric 
proportion would be no proof of cbemicai combination in this case. 
If alkali or sodium humate is in excess, the stoichiometric propor- 
tion of the precipitate will not hold. As weak alkalies, like Iron and 
aluminum hydroxides, can have but a loose combination with a weak 
acid like humic acid, the existence or absence of stoichiometric re- 
lationship would be no proof for or against their chemical combina- 
tion. 

For instance, in the formation of humic acid by the addition of HCl 
to Na humate (Figure 81), the precipitation, as we have seen, does 
not commence until a considerable amount of HCl has been added. 
In other words, we can have Na humates entirely in solution at dif- 
ferent pH values. These humates, if neutralized with AIGI3 or 
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Fig. 86. Formation of Ferric llumate from Sodium Hu mate 
Sodium bumate 0.1 gram 

however, will contain different proportions of A1 or Fe, depending 
on the pH value of the humate. This is indicated in a strikii^ man- 
ner in Figures 85 and 86, which show the precipitation of A1 and Fe 
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humates from Nahumateby the gradual addition of AICI3 and FeCl3, 
respectively. The precipitation of A1 and Fe humate Is complete in 
every case when an amount of AICI3 or FeCl^ equivalent to the Na 
in the Na humate has been added. The resulting precipitates of A1 
and Fe humates» therefore, contain different amounts of A1 or Fe. 

This is an important point that must be borne in mind by all 
those seeking stoichiometric proportions in such compounds. The 
neutralization of acids is a continuous function of the H ion con- 
centration. What is true of soluble acids is also true of insoluble 
acids or acidoids. Insoluble humic acid can be neutralized with 
Insoluble CaC03, with the precipitation of Insoluble Ca humate. 
This neutralization follows a titration curve (Figure 67), but the 



Fig. 87. Titration Curve of Humic Acid with CaCO$ 

Humic acid 0.1 gram 

resulting Ca humate at every step will contain varying amounts of 
Ca humate, and In fact is a solid buffer solution. These perfectly 
normal compounds are sometimes wrongly designated as adsorption 
complexes, because of the lack of stoichiometric proportions. 

We have at our disposal an Independent line of attack on the ques- 
tion whether Fe and Al humates represent chemical compounds or 
mere mixtures. We can determine the solubility of these compounds 
in water and alcohol. As a matter of fact, the solubUity In alcohol 
has been used by other workers for the so-called fractionation of 
humus. In the first instance from a study of the precipitation of Fe 
and Al humates from Na humate it Is seen that, whereas humic 
acid is soluble even at pH 1.5, Fe and Al humates are completely 
precipitated at a pH value of approximately 3.5. This, however, is 
not conclusive because in the case of Na humate and HCl we have 
the base NaOH competing between two acids, and even at low pH 
values we are bound to have a certain proportion of Na humate. 
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^OW that the substance is completely Insoluble, ’^e fact J 

acid Is 100 per cent soluble in alcohol and that Fe and A1 humates 

Table 82. Solubility of humic acid and of humates 


Nature of 
humus 

Humus dissolved In 20 cc. from 0.1 gm. 
(oer cent) 

in water 

in alcohol 

Humic acid 

11.6 

100 

A A 

Na humate 

100 

3.9 

K humate 

100 

4.2 

Li humate 

100 

22.8 

NH4 humate 
Mg humate 

100 

45.5 

5.2 

6.7 

Ca humate 

2ia 

0 

A 

Ba humate 

9.7 

0 

A 

Fe humate 

0 

0 

A 

Al humate 

0 

0 

. - . 


are completely insoiuoie leaos one tu uic viujf , 

l.e., that we are dealing with different compounds in the two cases. 
Any type of mechanical mixture of the hydroxides of Al and Fe and 
humic acid would certainly have brought some humic acid into solu- 


These results are important from two points of view. It is obvious 
that soils must contain humic acid and humates and that any attempt 
at their fractionation based on the solubility of these salts in one or 
the other solvent is bound to be misleading. A good deal of the 
earlier work based on the soluble and insoluble fractions in one or 
the other solvent must be revised in the light of these results. Sec- 
ondly, the close similarity between soil acidoids and humic acids, 
so well brought out by these results, tends to show that in the case 
of Fe and Al silicates we are also dealing with chemical compounds, 
for which independent evidence has already been quoted in the fore- 
going. 

Frequent reference has been made to the estimation of humus by 
oxidation with alkaline permanganate. A brief account of the meth- 
od, therefore, seems desirable. 
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Durir^ recent years wet combustion methods for the estimation 
of humus in soils have become very popular among soil scientists; 
of these the titration method of Walkley and Black is the simplest 
and best known. The oxidizing agent in this case is potassium di* 
chromate in acid solution. Apparently there is no reason why oxida> 
tion with KMn04 should not prove equally satisfactory as a means 
of estimating humus. The earlier methods of estimatii^ humus by 
XMn04 oxidation were based on titration of the alkaline extracts. 
Aschman and Faber extracted the soil with 5 per cent NaOH solu* 
tion on a water bath and oxidized the extract with 0.01 N KMn04. 
Fallot modified the procedure and as a preliminary treated the soil 
with nitric acid to remove the bases, and then extracted it with 10 
per cent KOH solution. Similar methods, slightly modified, were 
proposed by Springer and also by Kreulen. Vincent showed that the 
nature of the ^kali used for extraction of the humus influences the 
amount of KMn04 required for titration. More recently, Nostltz in- 
vestigated Kotzmann’s method, which consists in oxidizing 0.2 to I 
gram of soil with 0. 02 8N KMn04 In 30 per cent H2SO4 for 15 minutes 
at the boiling temperature, adding excess of O.IN oxalic acid and 
titrating residually with standard KMn04. The method was found 
unsuitable for soils rich in CaC03. 

A careful examination reveals the fact that, except for the last, 
all these methods are based on the preliminary alkaline extraction 
of the humus. It is well known that alkalies do not extract all the 
humus. Besides, these experimenters used excessive concentration 
of alkalies; Nostltz, on the other hand, used an excessive amount of 
acid. It does not seem to have been generally recognized that ex* 
cessive alkalinity or acidity can decompose KMn04, leading to 
erroneous results. This Is illustrated in a strikif^ manner in 
Figure 88, in which are plotted results of an estimation of Merck's 
humic acid. 

A standard solution was estimated by KMn04 oxidation in the 
presence of varying proportions of NaOH or H2SO4. It will be seen 
that there is a definite range beyond which the results are errone- 
ous with both alkaline and acid solutions. The failure of the KMn04 
oxidation has been mainly because this fact has been overlooked. 
Another important point that must be borne in mind is the concen- 
tration of KMn04. A dilute solution of KMn04, such as O.IN solu- 
tion, undergoes rapid decomposition in a highly alkaline medium, 
but a normal solution can withstand higher alkalinity without decom- 
posing. It should be remembered that this process of oxidation is 
different from that in an acid solution, as is shown in the following 
equations. 

Acid medium: 

2KMn04 + 3H2SO4— > K2SO4 + 2Mi^04 + 3H20 + 50 
Alkaline medium: 

2KMn04 + H2O — ^ 2MN02 + 2KOH + 30 
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Thus larger amounts of permanganate are required oridaUon m 
L a^Se medium than in an acid medium. A descripUon of the 

is toUed with 20 cc N KMnOa in 0.05N NaOH. More of the alkaline 
ma soTuUon is added if the color of the solution is des royed 
5l££^ten minutes of boiling. After the ‘ ?o 

KMnOa-treated material U made up to volume “d filtered. 

50 CC of the filtrate, sulphuric acid and excess of oxalic ^^id a 
added and titrated residually with KMn 04 . Each cubic centlm 
of normal alkaline permanganate equals 3.9 mgm of carbon. 



Fig. 88. Hecovery of Humue by KMn04 Oxidation In Acid and Alkali Solutions 

The permanganate method as outlined is perhaps no improve- 
ment on Walkley and Black's method In regard to simplicity and 
rapidity, but the important point is that by two different methods 
of oxidation practically identical results are obUined. Whatever 
the nature of humus and its various fractions it is unlikely that we 
are measuring by oxidation something vastly different from the 
actual material. 

Extraction of Humus from Soils with Alkalies 

Extr ac tion of humus* from soils with alkalies was well known 
even in the very early days of soil science, and as pointed out be- 
fore almost all the methods of estimating humus were based on its 
solubility in alkalies, which were subsequently replaced by rapid 
oxidation methods. 

Apart from its estimation, the solubility of humic acid and various 
humates must be studied with reference to the pH value of the 
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medium, a factor entirely ignored by almost all the workers in this 
field. Merck’s "pure humic acid'’ was used for this purpose: 0.1* 
gram portions of humic acid we re shaken for 24 hours with increas- 
ing amounts of alkalies and pK values determined with the glass 
electrode. It was then filtered and humus determined in the filtrate 
by the alkaline permanganate method (Figure 89). It will be seen 
that the solubility depends on the nature of the alkali and the pH 
value of the medium. All alkali hydroxides are almost equally ef- 
fective. Of the alkaline- earth hydroxides Mg (OH) 2 is the only one 
that can extract humus, though the solubility of Mg humate is less 
than that of alkali humates. 

It must be admitted that alkaline -earth hydroxides have never 
been used for humus extraction, but the results have been included 
in this study to emphasize the fact that alkaline extraction of humus 
is essentially a process of humate formation and that the efficacy 
of a particular alkali depends on the solubility of the humate formed. 
The part played by pH value, though important, is secondary In the 
sense that it marks the various steps in the conversion of the in- 
soluble humic acid into soluble humates, which process seems to 
be completed at just about the neutral point, l.e., pH 7. It is inter- 
esting to note that apparently there is no Justification for using 
alkalies of high concentration for humus extraction, since maximum 
solubility is obtained at pH 7. This is approximately equal to 20 cc 
of 0.02N alkali for 0.1 gram of humic acid; therefore, if a soil con- 
tains 10 per cent of humic acid, it should not require more than 
100 cc of 0.04N alkali solution per 10 grams for the complete ex- 
traction of humic acid, provided the soil has no disturbing influ- 
ence. 

Solubility of Humates in Alkalies. NaOK, NH4OH and Na2C03 
are the most Important alkalies used for the extraction of humus 
from soils. Since all the humus in soils cannot exist as humic 
acid, it is necessary to know how the various humates respond to 
alkali extraction. Tenth-gram portions of various humates were 
shaken for 24 hours with increasing amounts of different alkalies 
and the humus dissolved was determined after filtration by oxidation 
with alkaline permanganate as usual (Figure 89). It will be seen 
that different humates respond differently to alkali treatment. The 
superiority of Na2C03 to NaOH for extracting alkaline- earth humates 
is obvious from the fact that the former results in the formation of 
the insoluble alkaline -earth carbonate. The superiority of NH4OH 
to all other alkalies in extracting Fe humate is very interesting, 
and indicates the specific influence of each alkali on different hu- 
mates. The uniformity of alkaline extraction of humic acid, unlike 
the humates, suggests the advisability of preliminary treatment of 
the soil with acid to convert all the humates into humic acid. To 
see if this conversion is possible, various humates were leached 
with 0.05N HCl. It was found that in all cases the basic radical was 
completely removed, leaving the humic acid behind. 
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Extraction of Humus from Soils by Alkalies 

A black cotton soil of high base* exchange capacity and containing 
4.63 per cent humus was selected for this study in the first in* 
stance. It was treated with 0.0 5N HCl to convert all the natural 
humates to humic acid, followed by leaching with water. Five-gram 
portions of the treated soil were shaken for 24 hours with different 
alkalies of varying concentration. The relation between pH value 
and humus extracted (expressed as percentage of total humus in the 
soil, as determined by the alkaline perm aj^an ate oxidation) Is shown 
in Figure 90, which indicates that with all alkalies practically no 
humus is extracted up to pH 5. It may be that up to this pH the soil 
takes up all the alkali and no humate Is formed, or that the forma- 
tion of the humate is itself restricted irrespective of the soil. 



Fig. 90. Relation between pH Value and Humus Extracted by Different Alkalies 

It also appears that all the organic matter cannot be extracted 
from a natural soil by treatment with alkalies in the cold. The ef- 
fect of time, temperature and strength of alkali on the extraction of 
humus from the soil was, therefore, studied systematically. Since 
the extraction referred to one soil under varying experimental con- 
ditions, humus was estimated colorimetrically. The effect of tem- 
perature and the strength of alkali on the extraction of humus is 
summarized in Table 83. It will be seen that the strength of alkali 
can be varied from O.IN to 2N without any effect Apparently there 
is no Justification for using alkali stronger than O.IN or 0.2N with 
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respect to NaOH and NajCOs. 

aTSa^S^J “ay^d'^Sy^Naa^Og i^Tto nI humai*l 

mainfunctlonlies in converting Ca and Mg humates into 


jtbU S3. Effect oi temperature ead etreacti) oi NaOH-NaiCOj 

mixture oo Ibe extraction ed bumue 


Strength 

of NaOB 

solution 


3H 

H 

0.2N 

O.IN 

O.OSK 

0 



Strength fd Nne CQl solution 
^ ~0H 


0.2N 


2S®C 


70®C 


20®C 


70®C 


ao®c 


Percentage of total humus ext^ud 


82.0 

20.1 1 

82.0 

01.8 

21.7 

82.0 

61.8 

21.9 

81.8 

81.8 

22.0 

81.8 

81.5 

81.0 


60.3 

20.9 

1 87.8 1 


3e.5 

22.S 

22.0 

21.0 

30.1 

18.7 


80.1 

7B.8 

39.t 

80.0 

2T.S 

20.5 


25.0 

22.2 

21.0 
21.6 
10.1 
17.3 


70®C 


50.5 

20.8 

10.8 

4.9 

0 

0 



Fig. 91. The Effect of Temperature on the Extraction of Humus 

and the precipitation of CaC03. The temperature has a profound 
influence on extraction which should be kept above 70^ to obtain 
maximum extraction. This will be clear from Figure 91. A NaOH- 
Na2C03 mixture 0.2N with respect to each was used. It is seen that 
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at O^C humus is completely insoluble in alkali. This observation is 
very important. In the estimation oi Ca saloid in humus soils the 
extraction with K acetate •oxalate •carbonate mixture yields a col- 
ored liquid which interferes with subsequent titration of the extract 
with KMn04. If, however, the extraction is carried out at O^C, the 
filtrate is only slightly colored and does not interfere with the 
KMnO^ titrations. A strikii^ feature of all these results is the 
concordance of the values for maximum extraction, which shows 
that a definite percentage of the total organic matter is capable of 
being extracted by alkali. 

The effect of time of shaking on the amount of humus extracted 
was studied. It was found that maximum extraction in the cold is 
obtained in 8 hours and above 70^C, in 30 minutes. The remarkable 
thing is that the amount of humus extracted In the cold reaches a 
maximum which does not Increase on longer shaking, but as soon 
as the temperature is raised, this maximum reaches another con- 
stant but of very much higher value. 

It is interesting to note that whatever the treatment It is not pos- 
sible to extract all of the organic matter from this soil. However, 
from an examination of a number of soils it appears that this is by 
no means universally true. In some soils all of the humus is ex- 
tracted and in others only 80 to 80 per cent. It is apparent that in 
wet oxidation organic matter which is not completely humified is 
attacked, whereas in alkaline extraction only the humified organic 
matter is dissolved out or forms humates. 

Waksman, who studied the extraction of humus with alkali, divided 
humus into two fractions. The portion of the organic matter that 
was soluble in alkalies and precipitated by acids he called " alpha'’ 
fraction. When the acid solution obtained after this fraction has 
been removed is neutralized with an alkali, another precipitate is 
formed, which is soluble both in alkali and in acid; Waksman termed 
this the •beta” fraction of soil organic matter. It may be remem- 
bered that the “alpha” fraction, which is light brown in color and 
not black as is the “beta” fraction, contains only 30% of organic 
and 70% of inorganic matter, largely aluminum. It does not seem 
right that a substance containing 70% of inorganic matter should be 
designated “organic matter” - much less a fraction of humus. The 
fallacy underlying this conception must be ascribed to the lack 
of appreciation of the role of inorganic materials in humus. When 
it is remembered that humus in soils exists as humates of which 
Fe and Al humates form quite a substantial portion, the genesis of 
the “beta” fraction becomes clear. As a matter of fact, the so- 
called “beta” fraction is nothing but Fe and Al humates mixed with 
varying proportions of free alumina. Such a mixture is soluble in 
both acids and alkalies and has an isoelectric zone very near to that 
ascribed to the “beta” fraction. The phenomenon could be easily 
demonstrated by taking various humates and mixtures of humic 
acid and Fe and Al humates in varyii^ proportions and subjecting 
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developed and used by several workers, excellent 

from this- initial disadvantage. *'*^.*^* to deter- 

of extracUon with 0.2N NaOH and NagCOa it “ ble in 

mine colorimetrically the humus in &e soil 

oxidation methods of esUmating humus ?±7e„W 

exact and greater accuracy fora subsUnce like humus, so unevenly 

distributed in soil, is hardly to be expected. 

It may be mentioned that when the humus content of a so‘l Js above 
6% all of it cannotbeextractedwithalkali in the ratio of 5.100. Fo 
such soUs leaching with the alkalies must be resorted to, or toe 
proporUonof alkali mustbe increased to 1:100 for complete extrac- 


It is a remarkable fact that natural forces havecreated humus in 
soils, which is very similar to toe ferroalumlnosilicates in its 
various physicochemical reactions - so much so that almost every 
reacUon possible with silica and silicates can be reproduced in the 
case ofhumic acid andhumates. The differences, if any, are mere- 
ly qualitative, so that for most purposes we can treat humus as an 
Integral part of the soil. QuantiUUvely, of course, humus is much 
more reacUve, but this can only result in imparUng to the soil 
somewhatgreaterreactivitywitooutcausing any fundamental change 
In its chemical properties as a whole. 




PART n 

MECHANICAL ANALYSIS OF SOlLj 





CHAPTER I 
INTRODUCTORY 


When we look at a soU the first thing that strikes us ‘s ite 

ture Ills difficult to define texture: rot^hly speaking, it may 

dSiJribed as the degree of coarsenesg. M®*'® 
lated to the relative proporUon of particles of 
process by which this Is determined is known as mechanical an y; 

^he history of the principles and methods of mechanic^ analysis 
.xS GrLce, when 

ods for seoaraUng particles were known; but no applications of these 

wire mad'^ trsoils or sediments unUl 1692. Sieves were used to 
separate sands in 1704. The need of understanding the composition 
of earths for classification was recognized in 1750, and the earliest 
recovery of three grades by sedlmenUUon occurred in 1784. The 
term 'mechanical analysis” was introduced in 1805. The first ris- 
current elutrlator was used in 1839. In 1851 Stokes' law was 
formulated; in 1887 it was applied to mechanical The 

earliest use of graphs to represent sediments was in in ine 

same year the centrifuge was applied to mechanical analysis. Air 
analyzers were introduced in 1906. In 1912 simple sedimentation 
balance appeared, and a mathematical theory of sedimenting sys- 
tems was developed. The first manometric tube was introduced In 
1918. The pipette method was developed in 1922 and the hydrometer 

in 1927. . . , 

Until recently no attention was paid to the methods of dispersing 
soil preliminary to mechanical analysis. Even now opinion Is di- 
vided as to the value of dispersing methods which aim at revealing 
the ultimate structure of the soil. Such drastic methods as acid 
treatment, it is argued, ill conform with the behavior of the soil in 
the field and by presenting a false picture obscure the main object 
of mechanical analysis. Others contend that the state of aggregation 
of a soil is but one phase in its dynamic history. There is no doubt 
that either the soil should be subjected to the least disturbance and 
the size distribution of particles as they exist in the field deter- 
mined, or the treatment should be sufficiently * drastic" to break 
down all the compound particles into ultimate units and yet not so 
drastic as to cause mechanical breakdown of these ultimate units into 
still smaller particles. Opinion, however, will again be divided as to 
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the definition of ^ultimate* units. We have so far been taking the max- 
imum clay as representing the “ultimate units’*, but as we shall ex- 
plain later, the conventional clay Is only the upper limit of a series 
of finer fractions which profoundly affect the physicochemical prop- 
erties of the soil in general and the so-called clay fraction in par- 
ticular. 

Methods of mechanical analysis may be grouped under the folio w- 
ij^ general heads: 

(1) Decantation or beaker methods 

(2) Rising current elutriators 

(3) Air analysers 

(4) Sedimentation methods usif^ automatic weighing machines 

(5) Sedimentation methods using manometric tubes 

(6) Pipette methods 

(7) Hydrometer methods 

(8) Centrifugal sedimentation methods and ultramechanical analy- 
sis 

(9) Siltometer for the mechanical analysis of sands and silts 

The majority of the above methods, of which a very brief descrip- 
tion will suffice, are of historical interest only; those in everyday 
use will be described in greater detail. 

The fundamental basis of all methods of mechanical analysis of 
soils is Stokes’ law giving the relation between the size of particles 
and their settling velocity in water or in any other liquid for that 
matter: 


V « 2/9^ 




wherein 


V 9 rate of fall in centimeters per second 
4 9 gravitational constant 
t s density of particles (2.68) 
s density of water (1.00) 
r\ s viscosity of water 
r s radius of the particles 

It will be seen that for a certain value of r the velocity of fall v 
varies inversely as the viscosity of water rji smd as t) varies con- 
siderably with the temperature, the results of mechanical analysis 
will be untrustworthy uni ess proper attention is paid to this variable- 
These variations can be accounted for by means of the data given 
in Table 1 where the settling velocity of all particles between 0-001 
and 0.1 mm diameter has been calculated for temperatures between 
10 and 35^C. These are the extremes of temperature met with, even 

in the tropics. , . , 

As we may find particles of all shapes in soUs it seems desirable 



Table 1. Rate of settling of particles at varloos temperatures 
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to Introduce the conception of ** equivalent diameter”, which may be 
defined as the diameter of a sphere of uniform density fallii^ as a 
sediment in a liquid with the same velocity as soil particles settle 
under similar conditions. For the presentation of data for routine 
analyses some workers prefer to use settling velocity as the basis 
of grouping soil particles. One advantage of this method is that it 
is direct and the mathematical interpretations become simpler. On 
the other hand, it is easier to form a mental picture of mechanical 
analysis in terms of particle size rather than of settling velocity. 
The use of settling velocity is also open to the objection that the 
temperature has to be specified; and even if the product of viscosity 
and velocity is used, this quanti^ has such peculiar dimensions that 
one loses that familiarity with the results of mechanical analysis, 
which one is accustomed to when thinking in terms of size. Through- 
out this book the diameters of particles are the "equivalent" diam- 
eters, as defined by Stokes* equation. It is believed that, unless we 
are dealing with needles or thin plates, the equivalent diameters 
will afford a good idea of the real dimensions of particles. 


CHAPTER n 

DECANTATION A4ETHODS 


Decantation methods, as the name implies, a 

known weight of soil with water and, after allowii^ it to settle for a 
finite time, pouring off the superna^t liquid which is ^“PP^eJ 
to conUin parUcles up to a certain limiting 
sUrring and decanting with fresh lots of water results in 
all the^particles up to a certain diameter. The combined pouring 
are either made up to a known volume and an aliquot .. 

dryness, or the suspension in every case is *' 

tion of a small amount of acid, and the 

arated by decantaUon or filtration and weighed after drying at 100 
to 100®C, or ignited and weighed. The latter 

nrevalentwhendecantation methods were the order of the day. The 
loll suspension is made slightly alkaline by the addition of 
or sodium carbonate, which helps in the dispersion of the clay par 
tides, so that fewer pourli^s are necessary. 

Ordinary 700-800 cc beakers with spout are quite suiUble for the 
Duroose, and it is for this reason that these methods are sometimes 
spoken of as the beaker methods. The beakers are marked at a 
height of 10 cm from the bottom, and are filled each time to the 
mark. Stirring is done with a glass rod having a rubber policeman. 
With practice and skill, clean pouring of the supernatant liquid can 
be done; but the method suffers from the defect that there is danger 
of cumulative errors during repeated pourli^s. A number of soils 
can be studied at a time, but separation of the clay fraction alone 
generally takes 3 or 4 days. 

The use of the centrifuge to hasten sedimentation has been advo- 
cated by American workers. However, as the centrifugal force 
varies as the square of the distance from the axis of rotation and 
as the particles settle in long tubes, they are subject to an increas- 
ing force as they move toward the bottom of the sedimentation tube. 
Not only this, but particles in a uniform suspension start with a 
different initial velocity. It is therefore doubtful if the use of the 
centrifuge is really an improvement on the original method which, 
though slower, is theoreticaily sound, and can be speeded up by in- 
^creasing the number of beakers. 

The possibility of contaminating the supernatant liquid with the 
sediment at the time of pouring led to several improvements in 
sedimentation vessels. Of these the most important is the Atter- 
berg cylinder. With the help of a glass tube attached to the side of 
a cylinder, the suspension could be drained off at a regulated rate 
controlled by a pinch- cock. The arrai^;ement prevents contamina- 
tion of the suspension with sediment, but the separation of the dif- 
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ferent fractions is not so complete as in the beaker method. 

Risings Current Elutrlators 

The rislng'current elutriators are based on the principle that a 
particle settling in water with a certain velocity can be made sta- 
tionary if the water is rising with the same velocity as the particle 
is falling. Again, if the water is rising with a velocity greater than 
the settling velocity of the particle, the latter will begin to rise at 
a rate equal to the difference between its velocity of fall and the 
velocity of rise of water. Thus if a number of particles of different 
sizes, and consequently having different rates of settling, are sub- 
jected to a rising current of water, the smallest will begin to move 
upward at a certain critical velocity which is slightly greater than 
their settlif^ velocity. If the rising current is maintained at a 
steady rate, all particles smaller than a certain size will be sep- 
arated from the rest of the particles in course of time. If the vel- 
ocity of the rising current is increased, another crop of particles 
corresponding to a larger size will be separated. Thus by gradually 
raising the velocity of the rising current the various fractions can 
be separated and weighed. 

The simplest form of elutrlator was devised by Schdne as early 
as 1867. The simple one-piece elutrlator was later replaced by 
several types of multiple- tube elutriators. These made use of the 
principle that the same current of water assumes different rising 
velocities when passing through conical cylinders of different sizes. 
The separation of particles of different diameters, therefore, could 
be effected in one operation. 

The elutrlator methods are not capable of much refinement. The 
amount of liquid required for separating the various fractions is so 
large that the use of distilled water is prohibitive. Separation by 
ordinary tap water cannot be reliable on account of the flocculating 
action of the salts present in it. Commercially certain types of 
elutriators have still some uses in separating different grades of 
sand, for instance, or for washing sand mixed with clay; but for the 
mechanical analysis of soils they are altogether obsolete. 

Air Analyzers 

The use of air currents was only a logical development of the 
water elutriators, to which they are closely related in principle. 
The substitution of a fluid several times l^hter than water neces- 
sarily involved a strain on design, and the technique never reached 
perfection. Air elutriators have received considerable attention in 
their application to the study of p^ments, cement, and ceramic 
materials, and in the grading of seeds, but the nature of these ma- 
terials definitely precludes the use of water. For studying the 
crumb structure of soils and how it is affected by water, air analy- 
zers might find interestlr^: application, but on the whole they re- 
quire only passing reference. 



CHAPTER m 

SEDIMENTATION METHODS 


^ S^s^eSa^ l ^ etween U.e sedi.e.taUon « 
Uon methods lies in the tact that in U*® J 

on that portion oi the suspended material which 
given Ui^, whereas in the latter the material remaining Insuspen 
Sion In a given Ume is considered. One of the most ' 

velopments in the history of mechanical “alysls of “®® 

of the continuous sedimenUUon balance devised by WS^nd later 
Improved by Keen and his co-workers and known as the MSn-Keen 
balance. With the help of this balance Oden developed his mathe- 
matical theory of sedimentli^ systems. This theory was further 
elaborated by him in collaboraUon with Fisher. 

The Od«n-Keen balance is an extremely ingenious piece of ap- 
paratus. The particles settle on the pan hailing freely in the sus- 
pension and the weight of the sediment is automatically recorded In 
the form of a curve on a graph paper revolving on a drum. The de- 
Sign of such an extremely sensitive instrument held out great 
promise which was unfortunately not fulfilled. For instance, Coutts 
and Crowther have discussed a source of error in the method caused 
by certain currents set up during sedimentation. This source of 
error could not be eliminated and the automatic balance as an In- 
strument of precision for the mechanical analysis of soils has lost 
all its Importance, though it has still certain uses in industry and 
research. Similar remarks apply to the automatic balance of John- 
son in which the record of the progress of sedimentation is obtained 
by punching holes in a graph paper on a revolving drum, by sending 
electric sparks through it at regular intervals. 


Manometric Tubes 

Closely allied to the weight- recording device are the manometric 
sedimentation cylinders in which the chaises in the hydrostatic 
pressure of the suspension due to settling are recorded by a sensi- 
tive manometer. Wiegner,who introduced this principle, made use 
of along cylinder to which was joined through a stop-cock a parallel 
manometric tube of about the same length. With the stop- cock 
closed, water was poured into the manometer and the soil suspen- 
sion in the cylinder. On opening the stop-cock, the manometer reg- 
istered the hydrostatic pressure of the suspension column and as 
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the particles settled below the level of the point of junction of the 
manometer, the pressure dropped. By observing the decrease in 
pressure as a function of the time, a curve was constructed from 
which the distribution curve could be computed. 

Wiegner^s apparatus was improved by Gessner, who added a 
photographic device for obtaining a continuous record of the curve. 

Other modifications were introduced by several workers, chiefly 
for magnifying the pressure differences. Kelly bent the manometrlc * 
tube at an angle. Summer used the device with the manometrlc arm 
bent horizontally and with benzene as the index liquid. Barnes used 
a needle geared to a dial on the manometer to obtain precise read^- 
Ings of the water level. Od§n used pentane as the manometer fluid 



Fig. 1. Diagram of the Manometrlc Apparatus for the Mechanical 

Analysis of Soils 

and suspended the manometer hibe in the main cylinder, thus ob« 
viating temperature difference between the two. Crowther intro- 
duced a manometrlc device in which the hydrostatic pressure was 
measured at two points in the suspension. The distance between 
them was small, compared to the total length of the settlli^ column. 
Aniline was used as the index liquid; it measured the density of the 
suspension at the point midway between the two. The results ob- 
tained with this method could be directly converted into a summation 
curve. 

The author has devised a manometrlc apparatus for the mechan- 
ical analysis of soils which has certain novel features. The appa- 
ratus shown diagrammatic ally in Figure 1, is based on the principle 
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of the differential 

benzene (of density ^ ^ cylinders of equal 

liquid and water itself as the ^re used - one to 

ss-r r 

£•£ “ -pi-r'LC*' “ 

Since the suspension can support a higher column of water, ^ 

In the water cylinder rises by a few millimeters depending ^ 

cl«ra«onKe suspensL and the depth to which the end of ^e 
tube has been lowered. After about 3 minutes the Up i® o« 
and the apparatus taken out. If too much suspension has entered the 
spiral tube, it is washed out by dipping the other end ‘"to ^ 
of water and siphoning it out. The anlllne-benzene ™®"‘®c"® 
brought to the lowest point on the manometer tube adjoining the 
suspension cylinder. The suspension is again shaken and set aside 
just when a stop watch is sUrted. Since a preliminary leveling of 
the liquids in the cylinders has already been effected, the connec- 
tlon is established through the manometer. At first there is a sllgni 
depression of the meniscus In the tube by the side of the suspension, 
which soon begins to rise, and steadily moves up as the particles 
settle down. Its level is noted at suitable Intervals, as explained 
subsequenUy, either dlrecUy or by a scale attached to the mano- 
meter tube or by means of a Kathetometer. 

If n is the internal diameter of the cylinders and d that of the 
manometer tube, the magnification is D^/d^. For a 1 per centsus- 
pension which has a density of 1.0063, the level of the water will be 
1.0063 V cm higher than that of the suspension when the side tube 
dips V cm below the surface of the suspension. To produce this 
difference, however, when both the cylinders are connected the fall 
in the suspension level and the corresponding rise in the water level 
must be equal to 0.0063v/2 cm; and vice versa , the same rise and 
fall must take place in the opposite direction when the whole sus- 
pension settles down. However, this change in the levels of the 
cylinders will correspond to a movement of the meniscus in the 
manometer of D^/d^ x 0.0063 v/2 cm, or when 1 per cent of the total 
solids in the suspension settles, the manometer will register a 
change of D^/d^ x 0.0063v/2 x 1/100 = a cm. In other words, the 
percentage of any fraction which settles between times t and t' 
from the beginning of sedimentation will be obtained by dividing the 
change in the meniscus reading durii^ the above time interval by a . 
As long as the sedimentation cylinders used are of the same diam- 
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eter a remains constant. If a 2% suspension is used, then obviously 
the change in the manometer readij^s must be divided by 2a . and 
so on. Similarly, if the depth of the sedimentation column is altered 
from V to V' the readings are to be divided by ev//v. 

It will be seen that the magnification of the instrument depends 
on the size of the cylinders, the concentration of the suspension, 
and the depth of the sedimenting column. By a Judicious combina- 
tion of these the desired magnification to suit any particular re- 
quirement can be obtained. In the author's instrument the manometer 
registered a total change of 33.3 cm for a 2% suspension when the 
side tube was kept at 30 cm depth, or a change of 3.3 mm corre- 
sponded to the settling of 1 per cent of the particles. The manom- 
eter tube had an internal diameter of about 6 mm and the cylinders 
were about 10 cm in diameter and about 45 cm in height. 

The method of calculating the results is the same for all such In- 
struments in which the change in density is measured by a manom- 
eter. The following exposition may be found simpler by those who 
have no knowledge of integral calculus. 

Suppose a uniform suspension of soil consists of particles of 
equivalent diameter d^,d2,d.,d^,dg....and suppose the concentra- 
tion of the various groups of particles is 4, respectively, 

and the time taken by each individual group to settle 10 cm Is ^ 

If the side tube is dipped in the suspension to a depth 

of 10 cm and readings of the meniscus are taken after time inter- 
vals of beginning of sedimentation, then 

the change in the meniscus during the various time intervals will 
have been brought about by the settling of the particles as follows: 

(•) 4 ♦ fl * tj/tj ♦€ » fj/t 3 ♦ £>* f|/t^ ♦£ * tj/fj after time f| 


(b) A * B * C n t2/t^ * 0 t2/t^ * £ t2/t^ after time ^2 

(c) A * B * C * 0 » t^/t^ *■ B t^/t^ after time 

<d) A * B *C * D * t^/t^ after time 

<«) A*d*C*D*B after time ^5 


or the change in the meniscus, say, durlr^ the time interval between 
and tg has been brought about by thesettling of Simi- 

larly, the meniscus changes due to the settling of other particles are 
computed. Since the total change in the meniscus reading due to the 
settling of the whole suspension is known, the percentage of any 
fraction is easily calculated. 

Times correspondii^ to diameters etc., are 

calculated from Stokes’ law, or may be taken from Table 1 given 
on page 231. 

When the suspension has been settling for a few hours, and it is 
required to find the percentage of particles left in it, the instrument 
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been established again. 

Since l>2/d2 x (S-l)v/200 = « 

where S is the density of the suspension, if now the instrument is 
raised by 1 cm, we have 

lfi/6 X (s-l)(v-l)/200 = »' 

and the change in the manometer reading being a - />' = r.ve have 

ts-l)v - (S-l)(v^) 

r . i»2/d2 

» b2/t/2(S-l)/200 « K (S-1) 

From this equation s can be calculated and being proportional to 
the concentration, the Utter is easily known. In practice, the rela- 
tion between a-a' and s, or rather the concentration of the 
Sion, U worked out once for all as a part of the calibration of the 
Instrument. Obviously this instrument can be used for fUdlng the 
density of any liquid or suspension. Another point worthy of note 
is that in the equation given dbove it is assumed that the density oi 
the suspension is the same within a vertical distance of 1 cm. 
Though It is true for distances of this order, it must be remembered 
that density changes In a verUcal column of a settling suspension. 
This instrument enables us to determine the density gradient in a 

settling column. _ . , , . 

Suppose, for instance, the density of the column at a level 1cm 
higher than the previous level is S''; then the change in level of 
meniscus, say r', is given by the equation 


•/ • 


a s' • S 


Therefore if S, the density or concentration of suspension at depth 

V, is known, then the concentration at depth (v-l), (v-2), (v-3) etc., 

is easily found from the above relation. In other words, the change 
in reading for a l«cm vertical shift of the manometer is constant if 
the density of the suspension is uniform, and any excess of density 
at one level over the other will be reflected in the departure from 
this reading. This method will prove very valuable for fine sus- 
pensions which may take several days to settle. The density gradi- 
ent and consequently the size distribution of particles in such a sus- 
pension could easily be determined with this apparatus. 


Directions for Filling the bistrument. The density of aniline- 
benzene mixture is adjusted with a hydrometer. This approximately 
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corresponds to 4 parts of aniline and one part of benzene. About 
500 cc is prepared and stored for use. It is to be remembered, 
however, that since aniline -benzene mixture has a coefficient of 
expansion higher than water, the density should be adjusted when- 
ever there is an appreciable rise or fail in the working temperature, 
especially the former. 

The apparatus is thoroughly cleaned with H2S04- chromic acid 
mixture before filling. This is done best by filling the manometer 
through the middle vertical tube with the cleaning mixture and leav- 
ing overnight. Next day, after thorough washing, the instrument is 
filled with water to which just enough NaOH has been added to make 
it alkaline to phenolphthaleln. The vertical tube is then filled with 
the aniline-benzene mixture through the cup. The side tubes are 
then put into two cylinders filled with water to the same level and 
connected through the manometer by gently opening the tap connect- 
ing the vertical tube with the manometer. 

When the necessary amount of the mixture has been let in, some 
mercury is poured Into the vertical tube, and by again opening the 
tap gently it is allowed to rise about a centimeter above the tap. 
This mercury seal is necessary, as otherwise the aniline -benzene 
mixture dissolves the tap grease and slowly leaks out. The actual 
time required to fill the instrument after cleaning Is not more than 
10 to 15 minutes. The meniscus in the manometer should move up 
and down freely with an even convex curvature. Any tendency to 
stick or flatten at the interface is an indication that the instrument 
has not been cleaned properly. 

Sometimes the aniline -benzene thread breaks or shows a tendency 
to break; in that case all of it is swept out by dipping one of the side 
tubes into a cylinder containing alkaline water and siphoning. Mer- 
cury is then poured out. Bubbles of air that collect in the spiral 
tube as a result of the pushing out of mercury are removed by sl- 
phonii^ out water and refillii^ the manometer as before. This 
emptying and refilling takes only five minutes at the most. The 
cylinders should be kept over a stone bench. Slight variations of 
temperature do not matter if they affect the two cylinders equally; 
but if one side faces a window, or the room is drafty, the results 
might be affected. In such cases the cylinders should be kept in 
bottomless wood cases or immersed in a tank of water. 



CHAPTER IV 
PIPETTE METHOTC 

routine analyses and which could be fixed on a special bench re- 
served for the purpose, is described below: 

Marge aspirator bottle flttedwitha manometer (Figure 2) is con- 
nected to a vacuum pump and a system of taf®, by means o^hich 
the rate of filling the 50-cc pipette could be adjusted from 12 to 18 
seconds, after which it is left in posiUon, the pressure in the as- 

‘’^tt^anUhSlTwSJbe evacuated to the same ^ 

sampling will be the same. By means of a small rubber bulb inter 
posed between the pipette and the aspirator ^ttle, the excess on 
50 cc of suspension can be pressed out when the sampling is com- 

The pipette, marked at a distance of 5, 10 and 20 
tip, is first adjusted by means of a sliding clamp stand so that either 
one of the marks is at the same level as the suspension in the cyl- 
inder as seen from outside. It is then genUy lowered into the sus- 
pension by lifting the clamp stand, when the tip goes down to the de- 
sired depth. The sample is taken by suddenly opening the tap Aj 
connecting the pipette with the aspirator, and closing the tap (D) 
when the suspension is just above the 50-cc mark. The pipette is 
then lifted and the suspension broi^ht to the 50-cc mark by gently 
pressing the bulb, the excess flowii^ back into the bottle. The sus- 
pension is then emptied into a weighed beaker, dish, or conical 
flask, evaporated to dryness, and weighed. A special pipette with a 
two-way tap, which when filled can deliver the correct volume auto- 
matically by turning the tap, can be substituted for the ordinary 
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pipette with the rubber bulb. Though some workers use a 20-cc 
pipette, the author prefers a $0-cc pipette and 2 per cent suspension, 
so that the weight of the residue gives the percentage of the par- 
ticular fraction by shifting the decimal place, i.e., multiplying with 
100 . 



A weighed amount of air-dry soil (preferably passed through 
1-mm mesh sieve) is suspended in enough water to give a 2% sus- 
pension on the oven- dry basis. This precaution is very often 
omitted by workers. All results of mechanical analysis must be 
recorded on the oven-dry basis and not on the air- dry basis, as the 
moisture contained in the soil is a very variable entity. 

Having prepared a 2% suspension in distilled water, we proceed 
to determine the percentage of various fractions. There is no gen- 
eral agreement as to the slse limits of the various fractions into 
which the soil particles are divided; it is very difficult to choose 
betweenthe various groupings used in different countries, especially 
since all of them have been fixed arbitrarily. The use of summa- 
tion curves, however, renders us independent of any system of par- 
ticle grouping; moreover, It brings out the characteristic particle- 
size distribution of each soil much more clearly than a series of 
figures giving the percentage amount of each fraction present. For 
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would be very close to the experimental points on the curve. 


Names and sizes of fractions obUined by 
mechanical analysis of soils 


Name of particles 

Coarse sand 
Sand Fine sand 

Very fine sand 

Coarse silt 
Slit Fine silt 

Very fine silt 

Clay 

Clay 


Limits of diameter of 
particles (mm) 

1 . 0.2 
0.2 - 0.05 
0.05 - 0.02 

0.02 - 0.01 
0.0! • 0.005 
0.005 • 0.002 

0.002 • 0.001 

below O.OOl 


Suppose we start with a uniform 2% suspension of the soil, and 
the prevailing temperature is 15® C. The pipette method is not 
suitable for particles larger than 0.05 mm diameter. 
we proceed to determine particles with a limitii^ diameter of 0.05 
mm. From Table I (page 231) it will be seen that at 16® C particles 
0.05 mm in diameter will have Just reached the 10-cm depth in 51 
seconds. During this time all the larger ones will have settled be- 
low this depth. If we start pipetting at this depth a few seconds 
earlier and finish a few seconds later to compensate for the time 
spent in fillif^ the pipette, we shall have sampled an aliquot of that 
portion of the soil suspension which contains the same concentration 
of particles of 0.05 mm and below as was contained in the original 
suspension, to the exclusion of larger particles. If we evaporate 
this measured volume to dryness and weigh the residue we shall 
know the concentration of all particles up to the limiting diameter 
of 0.05 mm. 

If we shake the suspension again and sample at 10 cm depth after 
allowing the suspension to settle for 319 seconds (see Table 1) we 
shall have eliminated all particles over 0.02 mm and collected all 
those having a diameter less than 0.02 mm. Similarly, by shaking 
the samples one after the other, allowing them to settle, and pipetting 
after 21.3 minutes, 85.1 minutes, 8.81 hours and 36.45 hours, par- 
ticles of 0.01, 0.005, 0.002, and 0.001 mm diameter, respectively, 
could be sampled. In each successive sampling a portion of the 
coarser fractions is eliminated; the difference between any two 
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gives the percentage of any particular fraction. The method of 
plotting and interpolation will be discussed later. 

It is obvious that samplir^ must be begun from the coarsest 
fraction, gradually eliminating them until the finest fraction deter- 
mined is reached. It is not permissible to start with the finest 
fraction, as in that case the decrease in the volume of the suspen- 
sion produced on drawing a particular sample will result in a 
chaj^e In the concentration of the coarser fractions. It might be 
mentioned that the time of settling can be fixed at any convenient 
figure by adjusting the depth of sampling to a correspondix^ degree. 
For coarser fractions a depth of 30 to 40 cm is more appropriate, 
and for clay a depth of 2.5 cm and even less gives results identical 
with greater depths. For coarser fractions the suspension may be 
transferred to a tall cylinder and depth of sampling Increased, or 
these fractions may be separated by beaker method. If more de- 
tailed information about the coarser fractions is required, the use 
of the Purl Siltometer, to be described later, is advocated. 



CHAPTER V 
HYDROMETER METHOD 


The use ot the hydrometer for mechanical analysis of soJJ® hM 
been popularized by Bouyoucos. The method 

by Keen. To overcome some of the objections to the ordinary 
design, a new type of hydrometer (Figure 3) which has 
stem and a short bulb, records density changes In a 
cm long and situated 50 to 60 cm from the top, was devised by ^e 
author. The successful working of this hydrometer depends on 

fact that the gradlentofincr easing density in the suspension of a sed- 
imenting column becomes less and less steep as we go from top to 
bottom. In other words, the average density of a suspension, the 
length ofwhich is small compared to the total depth of the sediment- 
ing column, maybe taken without serious error as the density of its 
middle point. This hydrometer gave results in close agreement 
with the pipette method. In pracUce, however, it has two draw- 
backs, namely, the difficulty of making a long stem stand upright. 


and the likelihood of breakage. 

The hydrometer, though extensively used by road engineers, has 
never appealed to soil scientists as an instrument of precision which 
could replace the ordinary pipette method for routine laboratory 
analysis of soils. 

One serious drawback in the hydrometer technique as compared 
to the pipette method is that the former does not measure the con- 
centration of particles at one point, but rather gives the average 
density of a fairly large section of the sedimenting column. This 
section, moreover, is not situated at a fixed distance from the top, 
but moves with the changing concentration of the suspension, which 
affects the resting point of the hydrometer. The first defect is 
fundamental; it cannot be overcome unless a point hydrometer can 
be produced, or the concentration gradients In sedimenting columns 
can be examined and the magnitude of the errors involved shown to 
be insignificant. The second defect could be obviated by the use of 
a constant -immersion hydrometer. 


The basis of the hydrometer method rests onasingle assumption: 
namely, that the average density of any section of a sedimenting 
column is equal to the density at its middle point. Curiously, this 
assumption has never been subjected to a rigid test, though general 
agreement between the hydrometer and the pipette methods has been 
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. shown; it has been ascribed largely to compensating errors assumed 
to have been operative in the majority of cases. This leaves the 
theoretical background unsound and conse<}uently the element of 
doubt has persisted. 

Complete summation curves of 150 soils were determined by the 
pipette method. Ten-, 16-, and 10 -cm sections of the settling col- 
umn, commencing from a depth of 5 cm from the surface, were con- 
sidered as representing the lengths of the hydrometer stem. The 



Pig. 9. Diagram of the New Type of Hydrometer and Reading Device 

percentage of particles corresponding to each of several different 
times at the middle point of the section was determined by inter- 
polation from the summation curves and calculated by taking the 
mean of percentages at the two extremities of this section. It was 
argued that if these two sets of values were similar, the 
soundness of the assumption that the mean density equals the 
density at the middle of any section would be established. Further, 
the limiting length of the hydrometer bulb within which this relation 
holds would also be known. The absolute difference between the 
percentage of particles calculated from the mean density and that 
determined directly at the middle point for various sizes, is given 
in Table 2, against the percentage of the total number of soils show- 
ing this difference. 



Table 2. 

Comparison of percentages of particles calculated from the mean densities of sections of settling columns 

with those from densities at their middle points 



•48 samples only, for each of these lengths, were analyzed for this size. 
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It will be seen that in all cases the density gradientlor any column 
below a depth ot 5cm is symmetrical, and that, therefore, the den- 
sity at its middle point is equal to the mean of the densities at the 
extremities. The differences increase as the bulb of the hydrometer 
is made longer, but only in the case of coarser fractions. For clay 
fractions, the bulb may be as long as 20 cm without introducing any 
appreciable error. We are therefore justified in taking the average 
density of any column and assuming it to be equal to the density at 
its middle point. 

This conclusion is of great importance and must set at rest any 
misgiving regarding the use of the hydrometer for the mechanical 
analysis of soils and the acceptance of such results as truly repre- 
senting the size distribution of particles. It must be admitted that 
there is no theoretical reason why the density gradients of sections 
of sedimenting columns of soils should show such symmetry, but 
there is also none why they should not: therefore, facts must be ac- 
cepted as they are. This fundamental fact having been established, 
attention was directed to the des^n of a constant- immersion hydrom- 
eter specially suited to the measurement of density of suspensions. 
This resulted in the design of the Chalno- hydrometer which has 
placed the hydrometer method of mechanical analysis on a the- 
oretically sound basis and has imparted to the whole procedure the 
precision of theory and experiment associated with the science of 
pure physics. 

The Chaino- Hydrometer 

It is well known that measurements of weight can be made with 
far greater precision than those of volume. Ills for this reason ^ 
that the analytical balance has never been surpassed for measuring 
the densities of liquids and that the hydrometer has been accepted 
as a rough and ready method only on account of the great saving in 
time. The design of the Chaino-hydrometer resulted from the at- 
tempt to combine the rapidity of the hydrometer and the precision 
of the analytical balance. It has proved to be an extremely sensitive 
instrument for measuring the densities of liquids, especially soil 
suspensions. 

The Chaino-hydrometer, the principle of which is embodied in the 
well known Nicholson hydrometer, is shown In Figure 4. It is 
made of brass and is chromium -plated. Its stem is shaped from a 
steel knitting needle. The attached needle point indicates the limit 
to which the hydrometer is to be immersed; with this device the 
immersion can be reproduced to a fraction of a millimeter. On top 
of the stem is fixed a Bakelite tube and a hook. A fine chain 25 cm 
long and weighing 0.5 gm passes through the tube, forms a loop, 
and ends on the hook on the hydrometer stem. The chain hangs 
from a hook fixed on a rack and pinion which can be raised or low- 
ered by a thumb screw against a vernier scale. A movement of 
1.6 cm on the scale corresponds to a chaise of 10 milligrams in 
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the weight of the hydrometer. A totai weight of ™““YighS 

could be added by the Chaino-raetric arrangement. L^ger g 
are added direcUy on the special hooks fixed on the stem. 


SvMOlUtlS. 



CsAJiroKimao AftAAsoMn'f. 



Fig. 4. Diagram of the Chalno 'hydrometer 


For uniformity of results, the chain must have a fixed initial loop 
when the vernier roisters aero. This is accomplished by the help 
of another screw, shown at the top, which can move the whole 
Chaino- metric arrangement This is worked until a fixed number of 
chain rings or a fine mark on the chain has passed across a pointer. 
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From this point onward the vernier scale is manipulated until the 
needle touches the surface of the liquid, when the hydrometer reg* 
isters the true density of the suspension. It is important that the 
initial loop of the chain be made immediately before a reading is 
taken, and the final reading should always include a loop which is 
bigger than the initial one. 

Hydrometers can be easily made from the bulbs of 100-cc and 
50-cc pipettes, by sealing both ends and attachii^ the steel needle 
stem with sealing wax. If such a hydrometer breaks, a new one can 
be constructed ready for use witiiin a few hours. The brass ones 
are, however, preferable. The glass hydrometers are weighted with 
mercury and the brass ones with lead shot. 

Temperature Correction 

For a sensitive hydrometer, temperature correction is absolutely 
essential. This Is calculated by wetghlngthe hydrometer and taking 
into consideration the fact that all of that weight is lost when the 
hydrometer floats freely in water. The volume of the immersed 
portion of the hydrometer Is obtained from the volume of an equal 
mass of water at that temperature. Knowing the coefficient of ex- 
pansion of water with temperature, a table can be constructed which 
will give at a glance the weight of the hydrometer In water at all 
temperatures. Thus if v is the weight of the hydrometer and e^the 
additional weight added to bring it to the constant- immersion point 
at room temperature t, then 

w * • V X df 

where v is the volume of the immersed portion of the hydrometer 
and df the density of the water at any temperature e . The values of 
the additional weight at other temperatures are calculated from the 
known values of the density of water at these temperatures. In this 
relation it is assumed that v. the volume of the hydrometer, remains 
constant. Since the hydrometer is extremely sensitive, the results 
are affected by the expansion or contraction of the material forming 
the bulb, and a positive or negative correction has to be applied 
when constructing the temperature-correction chart. 

If is the volume of the hydrometer at temperature t, then 
volume at any other temperature, is given by the formula 

V = V([l + T(t'-t)] 

where t is the coefficient of cubical expansion of the material form- 
ing the hydrometer. Thus the complete temperature-correction 
chart can be constructed from the formula 

IT -f If j * Kj X df 
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Thu$ a single weighing to find w anda single reading at any 

oerature t to find suffices to construct the complete temperature - 

correction chart Actually the values of are taken at three or 
four temperatures to check the calculated and found values. The 
values of rieed not be calculated for fractions of a degree; this 
can be done for whole numbers^ and the results plotted on an open 
scale from which the intermediate values for fractions of a degree 
are interpolated when preparing the temperature- correction chart. 
Evidently the temperature- correction chart gives the change in the 
density of water in terms of Wf. It is also known that a changed 
density of 0.001 from that of water would produce a change of 0.001 
X V gm. in e, where v is the volume of the hydrometer. Thus if the 
volume of the hydrometer is 100 cc and if with the help of the 
chainometric arrangement If could be determined to within a milli- 
gram, the densities could be found correct to the fifth decimal 
place. 

Actually an accuracy of this order is not necessary for the mechan- 
ical analysis of soils. The excess of density of a 1% suspension over 
water at the same temperature is 0.006269, assuming a density of 
2.68 for the soil particles. This will produce a change of 0-006269 
X y gm. in the weight of the hydrometer. Thus the percentage of 
particles of any fraction in a 1% suspension of soil is equal to: 

(ir^ - y) K 100 
V X 0.006269 

where w' is the additional weight of the suspension at the constant- 
immersion point and w that of water at the same temperature 
(given in the temperature-correction chart). As v is constant, the 
multiplying factor is calculated only once. Strictly speaking, V 
changes slightly with temperature, but this change is negligible for 
this purpose and need not be considered. It will be seen that if y is 
made equal to 159.5 cc the multiplying factor becomes equal to 100 
and (ir'- W) in centigrams gives directly the percentage of any frac- 
tion for a 1% suspension. Alternately, if the concentration of the 
suspension is made equal to 159. 5/ y% multiplying factor will be 

100 . 

A hydrometer may be tested occasionally at room temperature In 
distilled water, and if any change in the weight (t) is observed a 
positive or negative correction is applied to all the values in the 
temperature- calibration chart. 

It is worthy of note that the hydrometer gives the density of the 
suspension, whereas the pipette method gives directly the percentage 
of suspended matter by weight. Agreement between the two methods 
can be expected only if the density of different soils is the same. A 
density of 2.68 has been assumed for all soils. This value was ob- 
tained by actual measurements of density in a number of mineral 
soils; the average density was found to be 2.68, the lowest value 
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being 2.64 and the highest 2.71. It might be mentioned that a vari- 
ation of 0.04 in the actual density of the soil from the mean value 
will produce a difference of i% in thewe^ht of the fraction. Since 
most of the mineral soils approximate this mean value the differ- 
ence between the hydrometer and the pipette methods is not likely 
to be serious on this account 

An important consideration that arises in the use of the hydrom- 
eter is the disturbance likely to be caused by the Insertion of a 
large body in a settling column. How far this may affect the ac- 
curacy of results can be determined only by a direct comparison of 
the hydrometer and the pipette methods. Sixty -one soils were 
analyzed by the two methods. The results are given In Table 3. 


l^ble 9 . Comparison betweon the hydrometer and 
the pipette method for determining percentages 
of fractions 


Umlltng 

of parUcles (mm.) 

0.02 

0.01 

0.005 

0.002 

1 

Dl(f«rence b»twe«n : 
percenUges found 
by two m«thods 


Number of soils 


4 

3 

1 

1 

1 

0 

9 

S 

2 

2 

0 

2 

10 

7 

9 

4 

1 

u 

19 

22 

12 

O.S and lots 

32 

32 

27 

42 


The absolute differences in the percentages of various fractions 
are given against the number of soils showing a difference of that 
order. The agreement is very good, in view of the fact that even in 
the pipette method a difference of the order of 2 in the percentage 
of any one fraction is within the experimental error of the instru- 
ment. 

Reproducibility of results by the hydrometer was compared with 
that by the pipette method by analyzing fourteen soils five times by 
both methods. It was found that the reproducibility of results was 
actually better with the hydrometer method than with the pipette 
method. 

It might be pointed out that the re is nothing arbitrary or empirical 
in the use of the Chaino-hydrometer. The settling times of the par- 
ticles of various sizes are calculated from Stokes* law to a depth 
corresponding to the middle point of the hydrometer bulb, which 
must be symmetrical about the axis. The hydrometer is lowered 
in the suspension just before the calculated settlii^ time for the 
settling depth, corresponding to the middle point of the bulb of the 
hydrometer, just as the pipette is lowered in the pipette method. 
The disturbance caused is negligible, being no more than in the 
pipette method. The hydrometer is not re com mended for continuous 
reading by keeping it in the suspension and takii^ observations at 
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definite intervals of time. Apart from the errors introduced by the 
actual settling of the particles on the bulb of the hydrometer, such 
or ocedure would require a separate hydrometer for each suspen- 
sion and thus a number of soils could not be examined simultan- 
eously without adding to the cost of equipment. The chainometric 
arrangement can be mounted on a robust stand that can slide between 
rails. The 1- or 2- liter cylinders containing the soil suspension's 
are arranged in a row, and the chainometric arrangement is brought 
behind each cylinder one after the other at the appropriate time. 

After a rigid and exhaustive comparison of the two methods the 
pipette method has been replaced by the Chalno- hydro me ter in the 
author’s laboratory. It is found that complete mechanical analysis 
of the soil can be made in the time formerly required for deter- 
mining the clay fraction only by the pipette method. The saving 
effected is not only in time but in the cost of equipment for dishes 
and heaters, which is considerable. With the Chalno -hydro meter 
one worker can complete the mechanical analysis of twenty soils in 
a day. If bench space is available for arranging cylinders in rows, 
it is not impossible to complete as many as 50 mechanical analyses 
in a day. The Chalno -hydrometer is by far the quickest of all the 
precision methods of mechanical analysis of soil, the pipette meth- 
od being second. 



CHAPTER VX 

ULTRA- MECHANICAL ANALYSIS OF SOILS 


The usual methods of mechanical analysis of soli, including: the 
hydrometer and the pipette methods, have often been used for par- 
ticles down to 0.001 mm In diameter. This size is larger than the 
upper limit of colloidal particles, which is 0.000 & mm. It is, how- 
ever, possible to push the mechanical analysis to this extreme 
limit by gravity sedimentation by extending the time to several 
weeks. The use of the centrifuge in accelerating sedimentation 
would at once suggest itself. For ordinary mechanical analysis it 
was used to some extent before the pipette method had gained Its 
popularity. 

The modification of the pipette method to include a sedimentation 
tube which may be centrifuged is not possible. The reason is not 
far to seek; the pipette method is based on the assumption that all 
particles of the same size settle with the same velocity at all depths. 
While this is true for gravity settling, it is not true for sedimenta- 
tion in a centrifugal tube, for the settling velocity of the particles 
is proportional to their distances from the axis of rotation. One 
way of overcoming this difficulty would be to make the lei^h of the 
sedimenting column small compared to its distance from the axis 
of rotation. This would mean that if the sedimenting tube is 10 cm 
long, the axis of rotation should be at least 100 cm from the bottom 
of the tube. Although it Is not impossible to construct a centrifugal 
machine with a span of 2 meters, the instrument could hardly be 
accommodated on a laboratory bench. As such an instrument might 
have to run for several hours, the vibrations and noise would neces- 
sitate its being housed in a special room. 

Marshall has tried to overcome this limitation by putting a thin 
layer of soil suspension, from which all the coarser particles had 
been removed, on top of a thick layer of a denser Liquid, such as 
sugar or a urea solution, and centrifuging this. Under these con- 
ditions, accordingto Marshall, the soil particles reaching the bottom 
of the l^be after a given time are of about the same size. 

The simplicity of gravity sedimentation and the application of the 
pipette method to the ultra- mechanical analysis of soils, though 
pointed out by Robinson, has so far escaped attention on account of 
the long settling time. U this could be shortened, the technique 
would be Ideal, but it is possible only by reducing the depth at which 
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pipetting Is done. Hitherto it has not beenfoundpracUcable to have 
it less than 2.5 cm, but there seems no reason why it could not be 
reduced to 0.5 cm or even 0.1 cm. The actual pipetting could be so 
refined that only the top mlUimeters of the surface are removed. 
This would reduce the time factor considerably. For instance, we 
could catch particles of 40- (0.00004 mm) diameter by pipetting 
at 1 mm after oneweek^s settling, which would normally have taken 
50 weeks if the pipetting was done at the customary 5-cm depth. 
The equivalence of the time/depth ratio has been shown for clay up 
to 2.5 cm, but smaller depths have not been attempted with the or- 
dinary pipetting technique. The author has designed a micro- 
pipette for ultra- mec ham ical analysis. This instrument has been 
successfully used for pipetting at extremely small depths, and with 
its help the equivalence of the Ume/depth ratio has been established 
down to 1-mm depth. 

Description of the Apparatus 

The micro-pipette consists of a 10-cc pipette with a hypodermic 
needle attached to the tip. The pipette is provided with a two-way 
tap at the suction end so that when it is closed the pipette holds 
exactly 10 ce of the suspension, the excess flowing out at the other 
end of the tap. It is mounted on a rack- and -pinion stand capable of 
controlled movement to the fraction of a millimeter. The pipette can 
be moved by two screws, one of which causes it to move against a 
graduated scale with vernier attachment. The pipette Is first 
moved down with one screw until the tip of the hypodermic needle 
]ust touches the surface of the suspension. This point is extremely 
sharp and can be reproduced to the fraction of a millimeter. Prom 
this point the second screw is rotated and with the help of the vernier 
scale the tip of the needle is accurately let down to any desired 
depth. The suction is applied with the help of a mercury reservoir 
attached to a bulb, which is alternately filled and emptied by raising 
or lowering the reservoir. The rate at which the pipette is filled 
is controlled by the tap leading to the reservoir. 

When the pipetting is complete, the mercury pressure is relieved 
by raising the reservoir and the pipette emptied by detaching the 
hypodermic needle and thus widening the opening. The pipette is 
first calibrated to deliver exactly 10 cc, which is quite enough for 
evaporating to dryness in a crucible and weighing the residue. A 
hypodermic needle can be joined directly to a 10-cc pipette with its 
tip filed off. There is sometimes air leakage at the ground-on joint 
between the hypodermic needle and the tip of the syringe, but it gives 
no trouble if it Is kept well greased. When it shows signs of wear, 
it should be replaced by a new syringe. 

As we are concerned only with the top portion of the liquid at no 
great depth, the use of tall sedimenting cylinders Is obviously not 
appropriate. Squat bottles, which are wide but not too tall are used 
for holding the suspension. If the diameter of the bottle is 16 cm 
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the removal of 10 cc of the suspension by pipetting makes a differ- 
ence of only 0.5 mm in the height of the liquid 

It might be mentioned that the tip of the hypodermic needle has a 
nib- shaped point which is rather an advantage as the suction creates 
horizontal stream lines and the disturbance is minimal. It must be 
remembered^ however, that the actual openii^ is above the tip and 
allowance should be made for this distance in letting down the tip 
to the proper depth at the time of sampling. 



Se miag Rate of Particles . . , 

Typical summation curves illustrating the ultra- mechanical analy- 
ses of two soUs of enUrely different types are given in Figure 6. 
When deallngwith particles of coUoldal dimensions in Ae region of 
the ultra-clays, it is necessary to use the logarithmic sc^®» 
the diameter of the particles maybe expressed in terms of ^6- 
ative index of 10, just as in the pH scale of expressing acidity or 
alkalinity, or the pF scale expressing soil moisture. 
of the particles is then referred to as pD, where D is thepMUcle 
diameter in cenUmeters. The curves in Figures have been plotted 
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on this basis. There are other advantages of adopUng this scale, 

which will be explained later. , 

The Ume taken by parUcles of various sizes 
settle to a depth of 1 cm from the surface at various temperatures 


Table 4 Showing the lime U UU ol pnfllcUs of various 

at dllferent temperatures through a depth of one centimeter 

Time Of fall through a depih of 1 cm. of various slae 


Temp. ; 

.001 mm. 

.000631 mm. 
10*’ '‘cm. 

.000396 mm. 

I0*5'5cm. 

.00^51 mm. 

.0001565 mm. 
I0’^'®cm. 

C 

iU ’Cm. 

(pO«4.0) 

(pM.2} 

(pIM.4) 

<pCM.6) 

(pO«4.8) 


Hrs. Min. 

Krs. Min. 

Hrs. Min. 

Hrs. Mins. 

Hrs. Mins. 

10 

11 

12 

13 

14 

15 

14 

3.58 

3.51 

3.4S 

3.39 

3-33 

3>26 

3>22 

9.56 

9-41 

9-25 

9-10 

6-S5 

6-41 

6-26 

25- 2 
24-20 
23-40 

23- 1 
22-25 
21-50 
21-16 

62-53 

61- 6 
59-27 
57-50 
56-16 
54-50 
53-25 

157-57 

153-33 

149-19 

145-16 

141-25 

137-44 

134-12 

A V 

le 

3-17 

6-15 

20-44 

52- 4 

130-47 

A t 

18 

3.12 

6- 3 

20-13 

50-46 

127-32 

AO 

18 

3- 7 

7-51 

19-43 

49-31 

124-24 

AO 

20 

3- 3 

7-40 

19-14 

46-19 

121-23 

21 

2-S9 

7-29 

16-47 

47-10 

lU-29 

22 

8-S4 

7-16 

16-20 

46- 3 

115-42 

23 

2-50 

7- 6 

17-55 

45- 0 

113- 1 

24 

2-46 

6-56 

17-30 

43-57 

110-25 

2S 

2-43 

6-49 

17- 6 

42-58 

107-56 

20 

2-39 

6-40 

16-43 

42- 1 

105-32 

27 

2-36 

6-31 

16-21 

41- 5 

103-13 

26 

2-32 

6-22 

16- 0 

40-12 

100-58 

29 

2-29 

6-14 

15-39 

39-20 

96-46 

30 

2*26 

6- 6 1 

15-20 

36-30 

96-42 

31 

2-23 

8-56 

IS- 0 

37-42 

94-42 

32 

2-20 

5-51 

14-42 

36-55 

92-45 

33 

2-17 

5-44 

14-24 

36-10 

90-52 

34 

2-14 

5-37 

14- 7 

35-37 

69- 2 

3S 

2-12 

5-30 

13-50 

34-44 

67-16 

36 

2- 9 

S-24 

13-34 

34- 4 

65-34 

37 

2- 6 

5-16 

13-18 

33-24 

63-54 

38 

2- 4 

5-12 

13- 3 

32-46 

82-16 

39 

2- 2 

5- 6 

12-46 

32- 9 

80-45 

40 

1-59 

5- 0 

12-33 

31-33 

79-14 


is given in Table 4. These have been calculated from Stokes' law. 
Times of fall of parUcles of 10'®-®, 10'®-®, 10'®-® 

and cm diameters may be found by multiplying the times of 

fall of parUclesof 10-4-2, io-4.4 io-4.6^ 10-4.8 and 

cm diameter by 100, respectively. Remembering that the equiva- 
lence of time/depth ratio holds even to 1 mm depth, the time 
of settling for any depth can be easily calculated. 

The micro- pipette method is simple, straightforward and the- 
oretically as sound as the well known pipette method. A dozen or 
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more samples can be started at the same time, put aside ior seU 
tling, and pipetted one after the other at appropriate depth/time 
Intervals. The diameters are taken cor responding to 

lO'®-®, 10"®'® and 10*®'^. The lowest diameter Is thus 
0.0000398 mm, i.e., a little less than 40 m^. This size would take 
little more than seven days to settle through 1 mm depth at 25^C. 
It is convenient to determine particles corresponding to 10*4.6, 
10*4-2 and 10* by allowing the suspension (at 25® C) to settle for 
5 hours and 25 minutes and pipetting off at 1.25«mro, 8.0«mm and 
2-cm depths. The suspension is again shaken and left for 7 days 
and 3 hours and then pipetted at 1 mm, 2.§ mm, and 6.3 mni to 
determine particles corresponding to D 10*^'^, 


CHAPTER Vn 

SILTOMETER FOR THE MECHANICAL 
ANALYSIS OF SANDS AND SILTS 

The limiting diameters of particles that can be conveniently ana- 
lyzed mechanically by the pipette method are of the order of 0.05 
mm; by means of a long cylinder the upper limit could be pushed to 
0.1 mm. Beyond that it is not possible to go on account of the ex- 
tremely rapid rate of fall of these particles. Theoretically it is 
possible to use a liquid with greater viscosity, but the procedure 
would be very cumbersome. The use of sieves, though convenient, 
leaves much to be desired. Apart from the fact that a change from 
settling in water to measurement by passing through a narrow open- 
ing would leave a gap of considerable magnitude, the range of sieves 
available Is not sufficiently precise to admit Interpolation to in- 
termediate values. Two precise Instruments for the mechanical 
analysis of silts are: 

(a) the optical lever slltometer of Vaidlanathan 

(b) the Puri slltometer. 

The optical lever siltometer Is based on the same principle as 
the manometric sedimentation method of Wiegner referred to pre- 
viously, with the difference that the pressure changes are meas- 
ured with a mercury manometer, connected with an optical lever 
to magnify the movement of mercury. The siltometer consists of 
a long tube into which the silt is dropped, pressure changes during 
settling being recorded by the optical lever on a revolving photo- 
graphic plate. The instrument Is extremely sensitive and accurate 
but requires elaborate apparatus and demands skilled handling. 

The Puri siltometer is based on the principle of grading silt 
particles by allowing them to fall through a long column of water 
and collectii^ the different fractions in separate boxes that move 
into position under water at predetermined intervals of time. The 
siltometer shown in Figure 6 consists of three parts. 

(a) The siltometer tube 

(b) Silt-dropping device 

(c) Silt- collecting arrai^ement. 

(a) The Siltometer Tube . This is a 200-cm brass tube of 2.5 cm 
internal diameter. It Is carried on a lever mounted on a fixed axis. 
With this lever the tube can be raised or lowered through adistance 
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of about 1 cm. The last half inch of the tube is tapered so that the 
diameter of the lower end is about 1.5 inches. 

Q)) SilUdropping Device . When sUt is dropped in water in the 
dry condition, it carries down with it entrapped air which is dis- 
lo^ed gradually and then rises to the surface in the form of tiny 



Fig. 6. SUtometer 

bubbles. This phenomenon can be watched bydroppli^silt In a glass 
tube filled with water. By means of the dropplr^ device used with 
this instrument, silt is dropped under water in the wet condition, 
which renders the distribution of particles uniform and their down- 
ward movement regular. The device shown diagraramatically in 
Figure 6 consists of a glass or metal funnel into which another 
Inverted funnel fits so as to be watcr-t^ht. The silt is placed 
around the inner funnel and the whole arrangement placed on the top 
of the siltometer tube which is fiUed with water. When all Is ready, 
the inner funnel is lifted and a stop-watch is started at the same 
time. The other funnel is then lifted and the top of the siltometer 
tube closed by placing a ndJber bung on it 

(cl Silt-coUecting Arrangement The silt-coUecting arrangement 
conslsU of a circular aluminum trough with twenty boxes arranged 
around its circumference. The trough is mounted on a turn-table 
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having twenty iron stops arranged in a circie 
Each one of these iron stops in turn rests against a 
piece of iron. The turn-tabie is rotated by a spring 
base. The stop is released by pushing forward a lever which ^so 
operates a second wedge to arrest the movement of the trough by 
coming against the second stop. The lever returns to its original 
position along with the second wedge when released, bringing the 
^cond wedge against the second stop. In this way the trough can be 
moved one-twenUeth of its circumference at each operaUon of the 
lever, thereby causing the different eollecUng boxes to route into 
position in sequence. The lever is pressed at definite Intervals of 
Ume. These are given In Table 5 together with the corresponding 
diameters of the particles for various temperatures of sedimentation. 

It might be noted that Stokes* law is not strictly applicable to 
coarser particles and for accurate results the calculated diameter 
must be multiplied with what is known as Zahm's multiplying factor. 
The values in Table 5 were calculated as follows: 

The starting point of the calculation Is the familiar Stokes* formula 
for the velocity of spherical bodies movir^ under gravity through a 
fluid, viz., 


2/9 


-rfr2 (P - 


where v ■ velocity of the falling particles if t is the time of fall 

200A 


g ■ Acceleration of gravity >981 cm/sec ^ 

P s Average density of silt particles, assumed as 2.66 
9 9 Density of water * 1.00 

r\ X Viscosity of water at the temperature of the experiment.* 


This on reduction, gave for a Siltometer of length 200 cm 

<#2 , J00_ . JL 

359.7 f 


whence d (Stokes* diameter) was evaluated for various times of fall, 
at various temperatures. 

Next the constant F (Reynolds number) was evaluated for each 
value of d by the formula: 

Vdtj 200d 
F * s — — 

n nt 

where v » Velocity as above x 200/t 
d X Stokes* diameter 
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s Density of water » 1.00 
n s Viscosity as above. 

Zahm’s multiply ir^ factor was next interpolated for each value of 
R from a table which gave its values for only certain fixed values of R, 

The product of the corresponding values of* Stokes' diameter” and 
*the multiplying factor” is the “equivalent diameter of the fallii^ 
particles*. 

Working Details. The trough is filled with water to a depth of 
about 3 or 4 inches and the collecting boxes arranged in position. 
One of the collecting boxes has a rubber bung lying in it The 
siltometer tube is allowed to rest on this bung, thus closing the 
lower end effectively. The tube is then filled with water and about 
10 grams of silt dropped in by the dropping device. A stop-watch is 
started simultaneously and the top of the siltometer tube closed by 
placing a large rubber bur^ on it. The tube is then raised by the 
lever, which results in its being opened at the bottom. The collect- 
ing trough is moved by one notch, which brings the first box under- 
neath the tube. The lever is pressed after 26 seconds and then after 
every 4 seconds up to 66 seconds; and then after 136, 166, 196, 
376 and 556 seconds. The last time interval gives particles of 
about 0.06 mm diameter. It is not necessary to fractionate particles 
of smaller diameter than 0.06 mm, which are rarely present In ap- 
preciable quantity in silts and which can be separated from the silt 
sample by ordinary sedimentation before analyzing in the siltometer. 
The horizontal column In Table 5, corresponding to the temperature 
of the water in the siltometer, gives the reduced diameter In mm of 
silt particles collected in the different boxes. The various fractions 
are emptied out of the boxes onto filter papers (Whatman 50) and 
dried for a couple of hours in a steam oven, after which they are 
weighed on a torsion balance. 

Another method of measuring the quantity of each fraction is to 
take its volume in a graduated tube. For this purpose, the silt Is 
transferred in the wet condition and its volume taken under water, 
in special measuring tubes (Figure 6D). If the volumes of the 
various fractions are added and the volume of each fraction Is 
reckoned as a percentage of the total volume, we get results which 
are in close agreement with those found by drying and weighing the 
fractions. Silt particles move quite freely under water and there 
is no difficulty in measuring the volumes accurately in narrow 
graduated tubes, provided the particles are more than 0.06 mm in 
diameter. In the laboratory, however, where drying arrangements 
and a torsion balance for rapid weighing are ava^able, it is quicker 
to use the weighing method, especially as the time taken in drying 
Is not counted as spent in work and two men can speed up the work 
by a division of labor. 
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METHODS OF CALCULATION AND GRAPHIC 
REPRESENTATION OF RESULTS OF MECHANICAL ANALYSIS 

In the early days of mechanical analysis, the various soil irac> 
tlons were designated as clay, silt and sand; by such adjectives as 
*flne' and "coarse”, the range was extended to include about half a 
dozen fractions. The limiting diameters of the various fractions 
were fixed arbitrarily and depended on the whim of the Individual 
worker. With the development of the mathematical theory of sedi- 
mentation by Od@n and the introduction of the automatic balance, 
which was capable of resolving soil into almost innumerable frac- 
tions, the need arose for the representation of the data in the form 
of a continuous curve. Two graphic methods are available for this 
purpose; summation or accumulation curves and size-distribution 
curves. In summation curves the percentage of the various frac- 
tions obtained by weight are plotted as summation percentages 
against the limiting diameters; from the summation curve the values 
for the distribution curve are Interpolated by readii^s at regular 
increments of diameter. 

An example of mechanical analysis of an actual silt sample in the 
Purl siltometer will make the various steps clear. A silt sample 
from the bed of a canal was dropped in the siltometer tube at 28^C. 
The various steps in the calculation of values for distribution curve 
are given in Table 6. The summation curve is plotted in Figure 7 
and the distribution curve in Figure 8. 

Figure 9 shows some typical distribution curves of silts gen- 
erally found in the bed of irrigation canals. It will be seen that the 
total range of particles lies between 0.06 and 0.6 mm • a very small 
range indeed as compared to soil in which the total range is of the 
order of from 0.001 to 1 mm. Whereas 100 divisions of a scale 
would accommodate all the various sizes in the case of silts, 1000 
divisions are required for soils. Thus we shall be hard-pressed to 
find a graph-paper to accommodate all the sizes in one continuous 
curve, m the case of soils, therefore, we plot the logarithm o£toe 
diameth- of the particles against their summation percentage^ 

Size- distribution curves of soils afford the most compreheitBive 
picture of the mechanical composition of such aggregates. These 
curves, though characteristic of different soils, are not convenient 
for defining soils for purposes of classification. An attempt was 
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Tabl* 6, ShowlDg the various steps In the calculation trf values ior distribution 

curve ol siit samples 
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Actual values 


Interpolated values 


Time 

Intervals 

sec. 

Corre- 
sponding 
diameters 
at 2 a«C. 
mm. 

Percentage 

by 

wei^t 

Sum- 

mation 

ipercentage 

Diameter 

mm. 

Sum- 

mation 

percentage 

Distri- 

bution 

percentage 

Mean 

diameters 

plotted 

26 ' 
90 ' 

94 ' 

96 

42 

46 

SO 

54 

.59 

.46 

.41 

.17 

.94 

.31 

.29 

.27 



.06 

.06 

.10 

.12 

.14 

.16 

.16 

.20 

0 

s.o 

12. 5 

24.0 

96.5 

49.6 

62.0 

79.0 


• 

.07 

.09 

.11 

.19 

.16 

.17 

.19 

56 

.26 

4.4 

91.6 

.22 

61.0 

9.0 1 

.21 

Aft 

62 

.24 

3.0 

67.4 

.24 

67.2 

6.2 ' 

.29 

66 

.29 

7.2 

64.4 

.26 

91.7 

4.5 

.26 

V V 

76 

.21 

9.T 

77,2 

.29 

95.4 

3.7 

.27 

96 

.19 

11.6 

67.6 

.90 

97.2 

1.6 

.29 

66 

.17 

6.4 

65.9 

.92 

96.6 

1.9 

.91 

106 

.16 

19.1 

49.6 

.94 

99.2 

0-7 

.99 

196 

.14 

19.0 

36.4 

.96 

98.5 

0.9 

.96 

166 

.12 

6.6 

29.4 

.96 

99.6 

0.1 

.97 

t$6 

.11 

16.9 

17.9 

.40 

99.7 

0.1 

.99 

976 

.07 

2.5 

2.6 

.42 

99.6 

0.1 

.41 

666 

.06 

0 

0 

.44 

99.9 

0.1 

.49 
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made to express the mechanical composition of soils by “si^le 
values” derivable from the summation or distribution curves. There 
are three such values, each characteristic of the shape of the dis- 
tribution curve, as follows : 

Weighted Mean Size (M). The summation curve of a soil sample 
gi^s the percentage of particles below any given size. By taking 
the reading for two given sizes and subtracting, we can ascertain 
the percentage of particles whose diameters lie between the iw 
sizes and which may very nearly be assumed to have a diameter 
lying midway between those two sizes. If this last value is multi- 
plied by the corresponding percentage, and the sum of all such 
products is divided by the sum of percentages (usually 100), we get 
a value for the mean diameter of all the particles contained in the 
sample. This is the weighted mean size, or M, and it furnishes a 
useful measure of the degree of coarseness of a sample. 

Standard Deviation (cr). Not every sample consists of particles 
distributed in exactly the same way, and it Is quite possible that 
two samples with the same mean size may differ, one having a pre- 
ponderance of particles with diameters near the mean size, and the 
other with diameters varying much more widely. Hence it is neces- 
sary to know how the various sizes are distributed about the mean 
size; consequently the standard deviation is calculated as a measure 
of their dispersion. To obtain this the deviation of each size from 
the weighted mean size is squared and multiplied by the correspond- 
ing percentage and then the sum of such products is divided by the 
sum of the percentages. The square root of the * quotient gives o, 
and the smaller it Is the more uniform can the sample be assumed 
to be. 

Schoklltsch Number (K) . The maximum diameter of soil particles 
for an ordinary sample may be taken as 1 mm. In practice, there- 
fore, the summation curve is bounded by the 0- and 1-mm ordinates; 
and the line RPS may be taken to represent a normal summation 
curve (Figure 10). 

If the area A lying above and to the left of the summation curve 
is divided by the area 8 lying below and to the right of the summa- 
tion curve, the fraction A/B remains constant as long as the limit 0 
and 1.0 remains unaltered. This fact was pointed out by Professor 
Schoklltsch. The constant is referred to as the Schoklltsch number 
or K, andwhennot otherwise specified is taken to refer to diameters 
lying between 0 and 1.0 mm. Should it be desired to specify these 
limits more particularly, it may be written 0-1.0; in the same way 
0-2.0 would refer to mixtures whose summation curves lie between 
0 and 2.0 mm. 

In dealing with the size distribution of particles in soils we must 
take note of the fact that the state of aggregation as it is found in 
nature may be very different from its ultimate structure. The 
former denotes tilth, and the latter provides a datum line for ex- 
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pressing the limits of variation in soil texture. It must be remem- 
bered that the crumb structure of the soil is merely a single phase 
in its dynamic history, and therefore it cannot be used for the tex- 
tural classification of soils, which must be based on their ultimate 
structure. 

"Tilth” is a complicated property of the soil, the determination 
of which would be extremely useful from the practical standpoint 
We can attempt to correlate soil tilth with the dispersion coefficient 



Pig. 10. Example of a Summation Curve 
(D.C.), which is measured by determining the percentage of conven- 
tional clay (0.002-mm diameter) by the pipette method after leaving 
the soil in contact with water for 24 hours (referred to as the dis- 
persion factor or D.F.), and expressing it as percentage of the total 
clay content of the soil obtainable on complete dispersion. In other 
words 


D.C. = 


D.F, X 100 
clay content 


The dispersion coefficient, therefore, measures the percentage of 
total clay that can pass Into the suspensoid state by simple contact 
with water, and its value varies from 0 to 100%, depending on 
whether the soil is completely flocculated or completely dispersed. 

The usefulness of the dispersion coefficient for expressing soil 
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tilth is based on the fact that crumb structure is usually 
the cementing action of the clay particles, and if these exist 
Individual state, all other particles may be present as independent 
units. In extreme cases, however, it is likely to lead to absurd re- 
suits. When a small percentage of clay is present in a proporuon- 
ately large amount of coarser particles, the soil as a whole may be 
in eood tilth even when the dispersion coefficient is 100 per cent. 
The most logical method of express!!^ soil tilth would be one based 
on the entire mechanical analysis of the soil or a function thereof. 
In other words, Ulth,or the state of a^regaaon of a soil, must give 
the existing mechanical analysis of the soil as a function of Its ulti- 
mate analysis. For this purpose, M,K, and o, which are character- 
istic constants of any mechanical composition curve, could be used. 
We may take these values of a soil before and after dispersion, the 
latter values referring to the ultimate structure. The ratio of these 
constants may be related to soil tilth. We can then see which of 
these ratios is the more suitable from the practical standpoint. 

Air-dry soils passing a 1-mm mesh were used for this study. 
The mechanical analysis before dispersion (referred to as the ag- 
gregate analysis) and after dispersion (ultimate analysis) was made 
partly by the pipette method (particles below 0.06 mm) and partly 
in the Puri slltometer. The siltometer can deal with particles up 
to 0.6 mm diameter; larger particles were graded by sieving. 

Mean diameters, standard deviations, and Schoklitsch numbers 
were calculated for the two sets of values Mqjcto, and Kq, referring 
to the aggregate analysis and M, ^ , and K to the ultimate analysis. 
These values and their ratios are given in Table 7. A close exam- 
ination of these constants with reference to the type of soil reveals 
the following facts. * t ^ 

Alluvial soils give a low value of M (less than 0.05), a low value of 
<7 and a low value of Mq/M. A low value of M associated with low clay 
content (below 20%) characterizes an alluvial soil. This is exactly 
what one would expect. Such deposits are well-graded (low a), and 
silt gradually merges into clay. Their low clay content and high 
silt content do not lead to the formation of many aggregates, a fact 
that is borne out by a low Mq/M ratio. 

Black cotton soils (chernozems) have a h^h clay content, lowM 
value, and high Mq/M ratio. These soils present a high state of ag- 
gregation and possess a crumb structure that would be associated 
with good tilth. Lateritic soils give a high M value and a medium 
Mo/M ratio. Red ferruginous soils have medium clay, a high M value, 
a low Mq/M ratio, and a high value for a. These soils, in fact, be- 
have like a mixture of fine particles abruptly changing Into coarse 
grains. K values run almost parallel to M values and therefore are 
not likely to prove any better. 

In order to illustrate the aggregate and ultimate mechanical anal- 
ysis curves of two types of soils, the values for an alluvial and a 
black cotton soil (P.C. 1 and P.C. 2) are plotted in Figure 11. Two 
typical summation curves that give widely different values of c are 
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Fig. 11. Summation Curres ot an Alluvial (P.C. 1) andChernoaam (P.C« 2) Soil 
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given in F^re 12. Note the symmetry of the curve with lowo 
around the mean diameter as compared to the one with high a. 

It is believed that the textural classification of soils on the basis 
of Mand c will bring out their characteristic differences much more 
satisfactorily than the usual practice of giving them descriptive 
names like sandy, loamy, silty, or clayey. 

The ratio of Mq/M not only brings out the state of aggregation or 
the crumb structure of a soil, but it also shows that the magnitude 
of this ratio is a characteristic of the soil type. Although the- 



oretically a soil could be made to have almost any value of Mq/M 
by suitable treatment in the laboratory, natural soils do acquire 
a stable structure which, within limits, resists ordinary methods of 
cultivation. In other words, certain soil types maintain a higher 
stateof aggregation than others. Methods of cultivation of the latter 
types must be carefully watched, as such soil types are likely to 
suffer from bad tilth if not handled properly. 

A word about the relation between dispersion coefficient (D.C.) 
and Mq/M ratio. As may be expected, a high D.C. value goes with a 
low Mq/M ratio, but since the former refers to only one fraction 
(clay) the relation is merely qualitative. 

Soil Grading and Consolidation 

The proper grading of mixtures is a first consideration In con- 
strucUng stable earth roads. The object of grading is to reduce 
the size of the pores to the minimum. The soil is thus brought to 
its maximum compactness. The summation curve of a we 11- graded 
mixture is given in Figure 13. In an attempt to characterize the 
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single value constants of summation curves of well-graded 

it was discovered that for such curves M/a » 1. ^ 

simple method of deciding whether a certain mixture is well 

The calculation of M and a from the mechanical analysis has alreaay 

been explained. 

In an attempt to find a possible correlation between the actual 
field performance of a dirt road and certain single value con- 
stants associated with its mechanical composition, soil samples 
from a number of earth roads were examined. These roads ^ 

more or less natural consequence of their geographical position 
rather than of artificial grading. Of course the main difficulty in 
finding any such correlation was the assignment of some numerical 
value to road performance. Such terms as “good” or “bad are not 
capable of statistical correlations. Certain preliminary observa- 
tions were made on the basis of visual condition of the road in terms 
of bad, poor, fair, very fair, good, very good, excellent. These are 

recorded below: _ ^ 

(1) If the clay content is less than 10% the road will be bad what- 
ever the value of M (mean diameter of the particles). 

(2) If the clay content is above 10%, but less than 16%, the ro^ 
is more likely to be good if the value of M is below 0.1 than above it. 

(3) Whenever the clay content is above 16% the value of M, In the 
majority of cases sampled, is likely to be less than 0.1, and this 
condition will usually give a good hard road. 

Soil Classification Based on Particle Slse 

It has been made abundantly clear in the foregoing that the only 
satisfactory method of textural classification of soils is on the 
basis of their size- distribution curves and single value constants 
directly calculated from them. However, the arbitrary division of 
particles into sand (0.02 to 2 mm), silt (0.002 to 0.02 mm), and clay 
(below 0.002 mm) has the merit of long usage even though it is still 
uncertain that there is any theoretical justification for such a group- 
ing. It is a handy way of describing a soil, but it is not scientific 
and is often misleading. The main disturbing factor, of course, is 
the clay fraction which, as has been explained before, would have 
none of the properties usually attributed to it if it had no particles 
smaller than its conventional size (i.e., 0 . 002 -mm diameter). 
Another disturbing factor is that since the particle size classifica- 
tions are not universally accepted, the adjectives must be supple- 
mented by numerical values that indicate the particle size range 
which they describe. This defect may be overcome by adopting the 
international system of classification into gravel (2 mm), coarse 
sand <2-0.2 mm), fine sand (0.2-0.02 mm), silt (0.02-0.002 mm), 
and clay (0.002 mm). 

On the basis of its particle size as represented by the preponder- 
ance of one or the other fraction, a soil can be designated as silty 
clay, sandy silt, sandy loam, silty clay loam, etc. This sort of 
classification, though suitable for certain purposes, can hardly be 
expected to yield results of any real scientific value. 



CHAPTER DC 

METHODS OF SOIL DISPERSION PREPARATORY TO 
MECHANICAL ANALYSIS 


Before the IntroducUon of the pipette methods of mechanical 
analysis, hardly any attention was paid to the preliminary treatment 
of the soil to insure its complete disintegration into primary par- 
ticles and their dispersion in water. However, when this aspect of 
the question was seriously considered, about a dozen methods were 
suggested for the purpose by different workers. The problem be- 
came so acute at one time that the InternaUonal Society of Soil 
Science organized a comparison of the various methods on about 
half a dozen soils of different types, samples of which were sent to 
a number of laboratories for comparison of methods and re^rt 
This cooperative work brought forth a crop of much useful datay 
but no final conclusion could be drawn. The main difficulty about 
the whole work was that all the suggested methods were empirical; 
naturally their comparison left the entire issue undecided. 

The dispersion of soil in water is the resultant of two oppos^g 
forces. One is the cohesion between the particles, which maintains 
their state of aggregation and resists any force tendli^ to separate 
them. The opposing force, on the other hand, is the surface Ioniza- 
tion of the particles, which depends on the nature of the salold com- 
prising the surface. This force is of the same type designated as 
the electrolytic solution pressure, which causes the molecular dis- 
integration of a solid and sends it into solution. ExacUy the same 
force which, for Instance, sends sodium sulphate Into soluUon but 
keeps barium sulphate as an insoluble precipitate would sen^ a Na- 
soil Into suspension, but keep a Ca-soil as a sediment In 

With this conception the problem becomes simple, and all toe 
dozen odd methods of dispersing soUs for “®chanlcal an^ysis 
Into their natural alignment. We can. therefore, stole toe me^d 
of dispersion in general terms, namely, for complete dispersion 
the soil must be converted into toe sodium saloldwhlch^es place 
at pH 10.8. We can have a dozen different methods of achieving this 
end. and the choice will boil down to toe ease with which It can be 
done; but there wUl be no difference in 

vlded always that toe soU has been converted ^"^0 100% Na satoid. 
If by a certain method maximum dispersion is not obtained, we must 
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carefully examine the various steps of the method used, and invari- 
ably it will be found that we have failed to produce 100% Na saloid. 

Hitherto, we have taken the estimation of conventional clay (i.e,, 
particles of 0.002-mm diameter) as the ultimate criterion of max- 
imum dispersion. As has been shown in the foregoing, these par- 
ticles are so coarse, in the physicochemical sense, that if we had 
no smaller ones the soils would behave like sand as regards their 
reactivity and moisture absorption. The ultra -mechanical analysis 
of the clay fraction is, therefore, of the highest importance in judg- 
ing its total surface, chemical reactivity and moisture absorption at 
various humidities. In considering the efficiency of dispersion 
methods, we must push mechanical analysis down to particles of the 
smallest dimensions possible with the technique at our disposal. 
Fortunately, by a refinementof the pipette technique we can directly 
determine particles 0.000094 mm in diameter, and with a hypo- 
dermic needle attachment we can go as far as particles of 0.00004- 
mm diameter. 

We can, therefore, examine the efficiency of dispersion methods 
down to 0.000094 mm or even 0.00004 mm in some cases. The follow- 
ing methods were tried. The list does not exhaust all, but these 
may be taken as typical of the prevalent or suggested methods of 
dispersion. 

(1) NagCO^-NaOH method ; Addition of Na 2 C 03 equivalent to the 
Ca saloid in the soil, and NaOH equivalent to the free acldold. 

(2) method: Boiling 'the soil with normal ammonium 
carbonate solution and continuing the boiling after addition of NaOH 
or LIOH. 

(3) NaCl-NaOH method : Leaching the soil with normal NaCl fol- 
lowed by shaking after the addition of NaOH. 

(4) HCl-NaOH method : Leaching with 0.0 5N HCl followed by shak- 
ing after the addition of NaOH. 

(9) Alkaline permanganate method : Destruction of organic matter 
with alkaline permanganate, followed by leaching with oxalic acid 
and then with dilute H 2 SO^; finally shaking the suspension with the 
addition of NaOH. 

(6) International method A : Destruction of organic matter with 
^2^2* by leaching with dilute HCl and finally shaking, with 

addition of NaOH. 

The methods outlined above fall in two catagories: the first three 
depend on the direct replacement of Ca by Na saloid without the re- 
moval of CaC 03 in the soil. The last three aim at the removal of 
cationicCaas we lias CaC 03 , thus converting the soil into an acidoid 

which is subsequently neutralized with NaOH. It is clear that all 
the treatments ultimately aim at the production of Na soil, and the 
final addition of NaOH to pH 10.8 completes the neutralization of the 
acidoid. Six soils were used for this comparison. These were 
selected from a larger collection to include as many diverse char- 




TW« 9. CoaparlsQA of difforoDt prelim Uoir 7 treatments for 
tbe ultra- mecbanlesl snslrsls of soils 


Soil Llmtllfif 
No. diameter 


Percentsfe of particles with dtUerent treatments 



lid .002 
.000094 
lie .002 
.000094 
122 .002 
.000094 
142 .002 
.000094 
100 .002 
.000094 


y (KU 4 ) 2 C 03 - 

HaCl- 

HCI- 

KaOH 

NaOH 

NaOM 

56.6 

60.5 

56.6 

63.2^ 

67.9 

56.9 

36.0 

47.8 

46.6 

16.5 

41.1 

46.2 

10.0 

31.7 

46.0 

11.5 

33.0 

46.7 

24.1 

21.9 

24.9 

8.5 

9.1 

16.6 

26.1 

27.9 

26.4 

n .2 

11.0 

16.7 

66.2 

67.4 

90.9 

20.3 

32.4 

39.2 

S6.0 

60.4 

67.6 

16.7 

39.6 

42.1 

57.1 

59.7 

56.2 

16.6 

27.6 

31.6 


NaOK 




NaOH 


60.7 

59.2 

47.6 

43.6 
43.6 

42.2 


24.6 

14.6 

27.7 
13.6 

89.4 

29.5 

60.4 

43.6 

56.5 
29.1 


It 1$ clear from these results that all methods of treatment give 
practically the same results as regards conventional clay. Methods 
Involving acid treatment, however, give a h^her percentage of finer 
fractions than the others. 

The failure of the methods involving no acid treatment in dis-* 
persing fractions finer than clay may be due to two causes: (a) The 
presence of CaC 03 left over in the soil might furnish enough Ca 
ions to exercise a flocculating action on some of the finer fractions, 
(b) Conversion of the Ca saloid into Na saloid is not complete in 
^ese methods, and since this element is largely responsible for the 
cementing action between the various particles, some of the finer 
segregates are not broken up into ultimate units. 
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The first possibility can be with and 

mechanical analysis of a completely ^spersea w 
without the addlUon of CaCOg. The results of 

the soils listed showed that in T^aCO-^ The second as- 

the amount of ultra-clay ^ tte Ca saloid in the 

sumption can be tested by ^ case. This was 

soils alter the preliminary (hem to the different 

done in the various so“^5*®"/“^f^ShS™al analysis. The 
treatments, exactly as in the c . . ^ oxalate-acetate-car* 

residual Ca saloid was ff® teat the failure 

,0. R..ldu.l C »^0.d l« MU. .Iter dUl.r.at dUpT.loa 
ireatimenls 


Soli NO. 
P.C. 

fteslduA 

N»2C03 

1 n saloid. 
(NK4)2C03 

Mllllsc 

NaCl 

ulval 

HCl 

snu per 

KMnOt 

100 fm. soli 

International 

IS 

119 

11$ 

123 

142 

166 

5.4 

0.6 

0.6 

6.2 

4.6 

1.4 

5.8 

1.0 

1.4 

5.6 

4.6 

1.6 

3.2 

0.6 

1.0 

5.6 

1.0 

1.0 

0 

0.4 

0.8 

1.2 

0.6 

0 

1.6 

0.8 

0 

1.6 

0 

0.8 

1.4 

O.B 

0.8 

1.4 

1.6 

1.0 


into Na saloid. It appears that 0.05N HCl treatment ‘s tbe most 
effecUve method for removing all the caUoiw and 8|''®® 
imura amount of Na saloid on subsequent treatment with NaOH. 

Since for maximum dispersion of the soil IK" 

to be necessary, it is important to know whetoer f ch treatme^ 
might result in the dissolution of some of the finest particles. In 
wder to find out how far this objection is valid, three typical soils 
were subjected to the following treatments; 

(1) Simple leaching with 0.05N HCl until filtrate is free from Ca 

**^"2) Same as (I) followed by further leaching with 500 cc of 0.05N 
HCl 

(3) Same as (1) foUowed by further leaching with 1000 cc of 0.05N 
HCl 

(4) Same as (1) followed by further leaching with 500 cc of 0.2N 
HCl. 

(5) Same as <1) followed by further leachii^ with 1000 cc of 0.2N 
HCl 

(6) Same as (1) followed by further leachii^ with 500 cc of N HCL 

(7) Same as (1) followed by further leaching with 1000 cc of N HCl 

It will be seen that acid treatment, both in the volume of solution 

as well as its strength, has been pushed much beyond the usual 
amount recommended for the purpose. Complete ultra- mechanical 
analysis was done on the soils after the various treatments after 
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neutralizing them with NaOH to pH 10.8. Results for only two 
fractions » namely conventional clay and the finest ultra- cl ay (par- 
ticles of 0.00004 mm diameter), are recorded in Table 11. 

It will be seen that prolonged leaching with acid of much higher 
strength than that generally recommended for the purpose has pro- 
duced no change in the results of ultra-mechanical analysis. The 
soil colloids in fact, as far as can be Judged from the behavior of 
these three typical soils, are quite stable and resist the action of 
dilute HCl leaching. Leaching with normal HCl appears to have 
some slight effect In reducing the content of the finest particles of 
ultra-clay, but this is an extreme case and acid of this strer^th is 
never recommended in any preliminary treatment for dispersion. 


Ttble tl. Effect oi prcUmln&iV ecld treatment on clay 
<.002 mm.), and ultra cUy 


Tr«fttment 

|S’«rc«ntic« of cUy «Ad 

ultTA-cUy 1 

kn various aolU. 

[ P.C. 9 

P.C. 13 

P.C. 122 

CUy 

Ultro-clay 

CUy 

Ultrft-clay 

CUy 

Ultra^clay 

1 

S3.$ 

14.3 

60.1 

27.2 

65.5 

12.2 

2 

24.2 

14.2 

60.S 

26.1 

64.6 

11.5 

$ 

34.9 

14.6 

61.5 

27.8 

63.8 

12.6 

4 

24.4 

12.6 

56.6 

27.1 

66.2 

13.0 

S 

33.7 

14.4 

S6.7 : 

26.6 

66.0 

12.0 

e 

32.$ 

12.6 

56.6 

25.2 

60.1 

10.3 

7 

32.4 

12.6 

S7.4 

25.$ 

76.2 

10.1 


Humus is supposed to play an important part in the dispersion of 
soils by acting as a cementing material and thereby preventing the 
dispersion of soil aggregates. This is the basis of the international 
method of preliminary treatment in which humus in the soil is de- 
stroyed by oxidation with H 2 O 2 . A more effective method of re- 
moving humus is by oxidation with alkaline permanganate. We have 
already seen that as far as conventional clay and ultra-clay are 
concerned, the results with and without the permanganate treatment 
are practically the same. The subject, however, required a more 
thorough exam inatio n of a larger nu mb e r of samples . Results with 1 5 
soils are recorded in Table 12; only the conventional clay and 
ultra-clay (0.00004 mm diameter) are given, since the intermedi- 
ate sizes led to the same conclusion. A careful examination of the 
data in Table 12 reveals the following facts: 

(1) When soils are not freed from humus, consistently higher 
values are obtained for all the fractions. 

(2) The difference in the two sets of values cibtained for a soil is 
of the order of the percentage of humus present in that soil. It is 
interesting to note in this connection that humus itself in alkaline 
solutions has no ultra-mechanical analysis and all particles appear 
more or less to be of uniform diameter up to the limit to which 
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measurable Ume limit „«,,,hiiitv In NaOH, no longer acts as 

(3) Humus, on account of its solubility HCl-NaOH 

a cementing material if Stra-clay. 

method. In this case humus is counted M Ciay is de- 

(4) If the mechanical analysis of the m matter in case of 

siSi the preliminary ‘‘-taction oW^ “V^e soils it is 
soils rich In humus is essenUal. Gener y j separately 

not necessary. Alternately, humus J’" ,arioSs frac- 

and its percentage subtracted from the welgnt oi «. 

tlons. 

12. CU7 (.001 

(.00004 mm.) In iotJ* wllhwt 

tf «atjneftl with •Ikatlne p«rinanoM« 



permancanata. 


151 The alkaline permanganate method of destroyii^ orgMic matter 

do£„ofL“ «i..^!rouoR^ ^ 

ered as too drastic a preliminary treatment of the soil for mecnan 

‘^“xhTSect of heaUng a soU to various temperatures is very in- 
terestiS Heatinrto 100%C produces no difference in its mechan- 
cal or llftra-mechanical analysis; but heating 

has a pronounced effect First the J 

together and with further rise of temperature 

parUcles begin to aggregate. Typical results with two H soils are 
closlM^J^attonof these shows the 

SOU parUcles and demonstrates thatparUclesizeistribution is the 

most important distii^ishii^ feature of soils. The results also 



280 


MECHANTCAL ANALYSIS OP SOILS 

throw lighten the geometrical configuration of the particles as they 
exist in soils. It has been generally assumed that soil particles are 
coated with a colloidal layer which has a gel- like structure. 
The nature of this colloidal layer has been conceived vaguely, for 
it is not understood how this layer adheres to the particles and why 
it does not come off. The main difficulty has been the failure to 
recognize the existence of particles smaller than the conventional 
clay, where all mechanical analysis stops. 


19. Effect of heating the soil on Its laeehsnleal and ultrS'Cnechsiiical enslyele 
Soils P.C. 19, end P.C. m. 


SIse of 
pftrticlas 
mm. 

Son No. 
P.C. 

Poreontago of Article* whm heated *l various tesiMrabirra 

No 

hAtiiie 

100 «c 

200®C 

300®C 

400^ 

500^ 

600®C 

700®C 

wtfic 

OOQOC 

.06 \ 

r 19 

00.6 

69.5 

91.4 

90.8 

ei.i 

45.6 

45.5 

41.0 

41.0 

40.5 


L 123 

98.6 

99.2 

99.0 

99.0 

97.0 

72.6 

61.2 

52.4 

48.1 

46.6 

.02 \ 

r 13 

82.6 

82.9 

62.5 

52.7 

41.4 

26.2 

22.6 

21.2 

22.2 

18.6 

1 

1 123 

99.2 

91.2 

61.2 

92.5 

92.6 

52.6 

26.2 

29.0 

2S.2 

22.4 

01 \ 

r 13 

70.6 

72-2 

79.5 

72.8 

30.2 

19.1 

16.4 

15.4 

14.7 

11.9 

.VI ] 

1 123 

90.2 

69.1 

69.6 

90.6 

90.4 

45.2 

29.1 

20.4 

17.1 

14.6 

.000 ] 

r 13 

69.6 

65.0 

66.2 

65.2 

24.5 

14.1 

12.2 

10.6 

10.5 

6.2 

1 129 

69.9 

96.4 

67.6 

90.0 

66.8 

39.2 

29.6 

16.2 

14.0 

11.0 

.002 \ 

r 13 

60.9 

59.2 

61.2 

57.5 

19.5 

11.2 

6.5 

6.0 

6.5 

6.4 

1 133 
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l 123 

61.5 
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' 13 

52.9 
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^ 123 

74.2 
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3.6 
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41.7 
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14.7 
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5.5 
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2.6 

1.2 

1 
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9.4 
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3.0 
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13 

41.0 
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2.6 

2.4 
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25.6 
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19 
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1.9 

0 

• 1 
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16.6 

16.2 

16.2 

14.2 
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9.0 

5.1 
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3.2 
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13 

27.2 

26.2 . 

19.2 
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3.6 

2.5 

1.7 

1.0 

0 

. 129 

12.4 

12.6 ; 

11.9 

10.5 

7.5 ' 

7.0 

4.6 

9.2 

2.6 

1.6 


To overcome the fact that these particles are really too coarse 
in the colloid chemical sense, it has been assumed that, though 
coarse themselves, they have large surface areas due to the gel 
coating. Ultra- mechanical analysis has rendered this assumption 
unnecessary. We know now that conventional clay is only the upper 
limit of the finest particles, which extend almost to molecular di- 
mensions. In soils we have CO Hold chemistry In the making: a state 
of continuity which emphasizes that there are no abrupt breaks in 
the scheme of natural forces. Here mono* molecules merge into 
poly- molecules, and poly-molecules into aggregates of increas- 
ing coarseness; each aggregate has its position in the size distribu- 
tion and makes Its distinct contribution toward the chemical reac- 
tivity of the entire soil. There is no such thing as one particle 
forming a coatif^ on another, except in a very crude sense when 
we talk of the crumb structure. Every particle has its Individual 
identity, which is maintained until break-down occurs by natural 
forces of weathering, which cover a period of several centuries. 
When a soil is heated, the finest particles are the first to be af- 
fected. The content of this fraction decreases appreciably, but does 
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not disappear altogether, which shows that the limit of ultra-clay 
is purely a reHection of the inadequacy of scienUfic equipment to 
resolve it anyfurther. Actually it must contain finer and sull liner 
parUcles, which are the first to fuse together to form larger par- 

In dealing with the structural characteristics of soils a distinction 
must be made between molecular aggregates and parUcle aggre* 
gates. The former is a compact structure with no intersuces, 
whereas the latter is a loose association of particles with consider- 
able gaps between them. Every particle in the ultimate mechanical 
analysis of a soil represents a molecular a^regate like other 
solid matter in mass. On drying , the various particles form 
gregates which are water-stable unless the soil is a Na saloid oi 
pH value 10.8. We must distinguish between ultimate mechanics 
analysis, when primary particles are dispersed as independent 
units, and aggregate mechanical analysis in which compound par- 
ticles are taken as units. 


I 



CHAPTER X 

DISPERSION OF SOILS BY MECHANICAL METHODS 

We have seen that the only method of attaining maximum disper- 
sion Is the conversion of the soli intoa Na saloid of pH 10.8. Though 
some soils show maximum dispersion even at a lower pH value, all 
soils show it at pH 10.8. We have also seen that this conversion 
can be brought about most effectively when the soil is first converted 
into an acldold and then neutralized with NaOH to pH 10.8. The ad- 
visability of using chemicals lor soil dispersion has always been 
the subject of heated discussion, and opinion is still divided on this 
question. Several workers have passed judgment in favor of one or 
the other method. The main difficulty has been the lack of an ab- 
solute standard of reference, for no one has ever been quite sure 
that the maximum dispersion, as measured by the clay content, does 
really represent the ultimate breakdown of all compound particles 
into their primary units. With the fundamental basis of discrepancy 
cleared up by the recognition of the importance of pH value, we 
have at our disposal an absolute standard for comparison. We are 
at least reasonably sure that the maximum clay, as obtained by the 
HCl-NaOH method, Is not exceeded by any other known method. We 
can therefore examine purely mechanical methods of dispersion to 
see how far they fall short of the maximum clay as obtained by 
chemical method, which are all equally effective as regards con- 
ventional clay. 

Among the mechanical methods of dispersion one of the oldest is 
boiling, which is probably still used in certain laboratories. Com- 
paratively recently (1926) endeavors have been made to obtain the 
effect of **cold boiling” by drawing air through the suspension and 
obviate the objectionable features of heating. Simple nibbing 
in water with a stiff brush or rubber pestle was another early pro- 
cedure used by Beam (1911). Whittles (1924) used a vibrating ma- 
chine to disperse soil samples, and Olmstead (1931) used supersonic 
waves for the purpose. The supersonic vibrations were produced by 
a plezo-electrlc quartz crystal Immersed in an oil bath. The energy 
was transmitted through the oil intoanErlenmeyer flask containing 
a water suspension of the soil. The arrangement, however, is far 
too costly to justify Its use for routine purposes, especially as the 
results are practically the same as those obtained by rubbing with 
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a rubber pestle. Bouyoucos (1927) used an electric drink mUer to 
disperse his samples. This procedure was slightly modiiiea oy 

^^^must^be remembered that the dispersion of soil particles is 
largely a guesUon of overcoming the cohesion between the particles. 
Physico-chemically it is brought about by neutralizii^ the acidoid 
with NaOH to pH 10.8. Physically the choice must fall on one or 
more of the half dozen methods referred to in the foregoing chap- 
ters. It might be mentioned, however, that no purely mechanical 

method can bring about the disintegration or dispersion of ultra- 

clay particles, as they are too small for any mechanical disruptive 
force to reach them. But for most purposes the estimation of con- 
ventional clay is all that is necessary, and the break-down of par- 
ticles to the extent of this lower limit is possible by purely mechan- 
ical means of dispersion without the addition of any chemical. 

The choice of a H soil for a comparison of the various methods 
is preferable because It is the sUrting point for the gradual intro- 
duction of bases. Not only is it the most important basic material 
for all soil studies, but its use is particularly appropriate in this 
case, as the internal cohesion is probably maximum. If a mechanical 
treatment issuccessful in this case, the efficiency of the method for 
all types of soils will be assumed. Besides, a H soil is often re- 
quired at maximum dispersion for several physico-chemical meas- 
urements. This object can be accomplished by converting it first 
Into a Na soil without allowing it to dry. For maximum dispersion 
down to ultra-clay particles of the smallest dimensions this is the 
only way, but if the lower limit of dispersion is the conventional 
clay, then purely mechanical methods are applicable. 

For comparing the various mechanical methods of dispersion 


treatments which require elaborate mechanical contrivances were 
left out of consideration, for it was felt that unless a physical 
method could be made at least as simple as the admittedly efficient 
chemical treatments, it would not find favor generally from the 
practical point of view. A black cotton soil was used in the first 
instance; it was converted into a H soil by the usual 0.0 SN HCl 
treatment, and air-dried. The maximum clay percentage in the soil 
was 55. The following methods of dispersion were tried. 

(1) Boiling, both **cold” and hot and with sand. 

(2) Rubbing with a rubber pestle. 

(3) Simple shaking in a mechanical shaker with and without rubber 
balls or sand. 

To summarize the results: boilii^ from 30 minutes to 4 hours 
with 200 to 400 cc of water for 10 grams of soil gave values for 
clay (0.002 mm) ranging from 18 to 37%. The latter value was ob- 
tained when boiling was continued for 4 hours. The addition of sand 
to the boiling suspension had no appreciable effect ^Cold boiling” 
was the least effective of all, giving a value of 3.5% clay on 30 
minutes* cold boiling against21.^forhot boilir^for the same time. 
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Rubbing the soil for 30 minutes in an agate mortar with a rubber 
pestle by hand with 10 cc of water for 10 grams of soil gave 24.6% 
clay, as against 55.6% when rubbing was done with a mechanically 
rotated rubber pestle. When the amount of water was increased 
from 10 to 30 cc, the clay dispersed fell from 55.6 to 42.8%. When 
the amount of water was increased from a 1:1 ratio, the soil par- 
ticles had a tendency to float and thus escape the grinding action of 
the pestle. 

A mechanical shaker is the simplest and most widely used con- 
trivance for dispersing soils. Its effectiveness can be enhanced by 
the addition of rubber balls or sand to the suspension. Shaking the 
suspension with coarse sand (1.5 mm diameter approximately) gave 
the highest yield of clay. Shaking is continued for 24 hours using a 
soil : sand ratio of 1:5. Neither the temperature, nor the volume of 

Taibit 14. Comparison oi clay contents obtained by dispersing natural 
as well as R-soils by the proposed sand method and the chemieal method 


Difference between 

number of eoUe showing difference of this order 

city per cent by the 

Netursl Solis 

H-solU 

two methods 



0 to 1.0 

SI 

6 

1.1 to 2.0 

27 

7 

2.1 to 10 

29 

2 

2.1 to 4.0 

22 

2 

4.1 to 2.0 

17 

S 

2.1 to 6.0 

1 

2 

6.1 to 7.0 

9 

6 

7.1 to 6.0 

0 

3 

6.1 to 6.0 

0 

5 

9.1 to 10.0 

0 

5 

10.1 to 15.0 

3 

6 

15.1 to 20.0 

a 

0 

20.1 to 25.0 

1 

2 


water used (which can be varied from 25 to 300 cc), has any effect 
on the rate of dispersion or the maximum dispersion obtained. 

Results with a drink mixer or simple shaking are of a lower 
order. The sand method requires practically no attention durir^ 
the time the suspension is being shaken, and beyond adding the req- 
uisite amount of sand there is no preliminary treatment involved. 
The sand used 1$ easily recovered after dispersion by passing the 
suspension through a seive of 1-mm mesh, and can be used re- 
peatedly. 

In view of the importance of these results in choosing for prac- 
tical use a purely mechanical method of dispersion, and since chem- 
ical methods are almost universally used in soil laboratories, it 
became imperative that the sand method be compared with the chem- 
ical methods of dispersion. For this purpose 157 soils were used. 
These soils had been collected from different parts of India and 
represented practically all types. Also 59 H soils were compared 
by the two methods. The results in Table 14, for convenience of 
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Space, are tabulated as difference between the two methods against 
the number of soils showii^ differences of that order. 

For H soils the chemical method used was the addition of suili- 
cient NaOH to bring the pH of the suspension to 10.8. For na^ral 
soils the Na2C03-Na0H method of dispersion was employed, in 
which Na«CO,% equivalent to the Ca saloid in the soil is added, to- 
gether with sufficient NaOH to raise the pH value to 10.8. The latter 
method may be regarded as the least drastic of all the chemmal 
methods, and therefore roost appropriate for comparison with a 
purely mechanical method. From a critical examination of the data 
the following conclusions were drawn: 

(1) The majority of natural soils (15) gave maximum dispersion 
with the sand method and the results agreed with the NagCO^ meth- 

^^ 2 ) Some natural soils (7 out of 157) gave higher values with the 
sand method than with the Na2C03 method. All these seven soils, 
though from vastly different localiUes, belonged to one type, namely, 
shale. The low values for these soils In the chemical method 
were due to the failure of the Na2C03 method to bring about com- 
plete dispersion. When these soils were acid- treated and then shaken 
with NaOH at pH 10.8, they dispersed completely and the values 
agreed with the sand method. 

(3) Only one natural soil gave a higher value by 7.6% with the 
Na2C03 method. 

(4) Six natural soils showed flocculation when the volume was 
made up after shaking with sand. When the soil had settled and the 
clear supernatant liquid was poured off and replaced by fresh dis- 
til led water, the suspension was stabilized. The flocculation in these 
soils was due to salts, and when these were removed by a prelim- 
inary leachii^ with water, the dispersion was complete with sand. 

(5) Two natural soils presisted in flocculating after dispersion 
with sand. No amount of preliminary leaching with water improved 
matters, though a small amount of alkali stabilized the suspension 
and the yield of clay was maximum. These soils had low pH values 
and contained only Ca saloid. On converting the latter into acidoid 
by HCl treatment, the soil could be dispersed completely by the 
sand method. The dispersion was even slightly enhanced by the 
addition of Ca(OH)2,but when the amount of Ca(OH)2 was increased 
to the quantity ori^ally present, flocculation took place. 

(6) The agreement between the chemical and mechanical methods 
is not so close in the case of H soils. This is evidently because 
such soils have very unfavorable pH values for dispersion, as they 
are not only the least ionized, but contain some of the sesquioxides, 
which have a flocculating effect. 

The results, on the whole, leave no doubt that the sand method is 
an effective means of dispersing natural soils. A number of natural 
soils were subjected to complete mechanical analysis and the sum- 



266 


MECHANICAL ANALYSE OP SOILS 

mation curves obtained by the two methods were found to be identi- 
cal. There is thus no breakdown of the coarser fractions into 
particles that did not originally exist in the soil. The remarkable 
agreement between the mechanical and chemical methods of dis- 
persion shows that neither one nor the other is too drastic and that 
both give the size distribution of particles as they exist in soils. 

The efficiency of the sand method for dispersing soils led to the 
speculation that this treatment may be too drastic for some soils, 
and in addition to breakir^ up the aggregates may cause some of the 
coarse primary particles to disintegrate as well. A few soils, 
therefore, were shaken with sand for seven days Instead of the pre- 
scribed 24 hours’ shaking. Thepercentagesof various fractions ob- 
tained on seven days’ shaking were the same as those obtained on 
24 hours’ shaking, indicating that the sand method is not so drastic 
as to break up primary particles. 

The sand method, as pointed out before, presents the possibility 
of obtaining normally undispersed H soil in a dispersed condition. 
The soil thus dispersed no longer remains so if it is dried. There 
is no known method by which a dispersed H soil can be preserved 
in the dry state so that on coming into contact with water it gives a 
suspension at maximum dispersion. The fact that softer crumbs 
are produced when a soil wetted with alcohol is dried indicated the 
possibility of dispersing it in alcohol in the first place. Filtration 
of an alcohol- dispersed soil is rapid, and on drying it falls to 
powder. It was found that although the soil could be dispersed, as 
in the case of water, by shaking with alcohol in the presence of 
coarse sand and there was no difficulty in filtration, It could not be 
redispersed in water on drying. This was at first attributed to the 
presence of traces of water in the alcohol. The soil was, therefore, 
dispersed in alcohol with sand, filtered and washed with absolute 
alcohol, then with benzene and finally with ether. It was then dried 
in a current of air and kept in a desiccator until redispersed in 
water. Even with this treatment the soil could not be redispersed 
fully, though dispersion was much greater than when water -saturated 
dispersed soil was dried. 

This leads to another interesting aspect of the question. Does the 
particle aggregation follow some fixed geometric^ pattern, or does 
it take place haphazardly? Just as we have mechanical analysis 
representing the primary particles, we can have aggregate analysis 
which refers to the size distribution of water-stable aggregates. It 
is important to know if this aggregate analysis has a fixed pattern 
for a particular soil. Again, when a completely dispersed soil floc- 
culates and particles form aggregates, do they do so haphazardly or 
is some order to be observed in the formation of such aggregates? 
In what follows an attempt will be made to throw light on these 
questions. 

Three typical soils were selected for this purpose. These rep- 
resented different types: P.C. 6, a laterite; P.C. 13, a black cotton 
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soil; and F.R. soil, a typical Punjab alluvium. These soils were 
repeatedly dispersed and dried and the dried samples mechanically 
analyzed by means of the Chaino- hydrometer and the Puri siltometer 
previously described. The method employed for ^spersion con- 
sisted in shaking the soil suspension for 24 hours in a mechanical 


T^ble 15. Reproducibility of reoulte of aggrefaU mechanical analyels 
on repeated dlaperalon and drying of soils 


Soil 
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RepU* 
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mm 

ma 
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84.0 
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5.2 
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11.6 

24.2 

56.5 

62.S 
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93.6 
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e 

5.6 

6.1 

10.6 

24.2 

55.5 

64.6 

61.5 

96.0 

97.6 

100 

r.R. 

1 

A 

11.9 

16.4 

30.4 

44.4 

77.6 

93.6 

98.0 

99.0 

99.9 

100 

b 

10.6 

16.0 

30.1 

43.6 

76.5 

92.5 ' 
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99.6 

lOO 


c 

lo.a 

17,1 

29.5 

43.6 

76.2 

92.2 

94.5 

96.2 
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100 

13 

A 

1.4 

S.3 

6.7 

19.1 

29.4 

39.3 

61.0 

75.2 

82.1 

93.2 

b 

1.61 

7.1 

10.4 

21.1 1 

29.9 

36.6 

81.7 

72.2 

84.4 

04.9 


c 

1.2! 

6.6 1 

10.0 

21.41 

60.6 

38.6 

58.6 

70.2 

83.4 

93.6 



Fig. 14. Effect of Removal of Increasing Amounts of Clap on State of 

Aggregation of Soil P.C. 13 

(a) Sample dispersed and dried without removal of clay 

(b) 50 per cent of total clay content removed 

(c) 60 per cent of total clay content removed 

(d) 90 per cent of total clay content removed 


shaker with coarse sand, as in this method the soil is dispersed 
withoutconvertif^itiRtoNasaloid. The result is that the dispersed 
soil on drying, unlike a Na soil, will not redisperse in water, and 
Its aggregate mechanical analysis reveals the state of aggregation 
exactly as it exists in the dry soil. 
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The results given in Table 15 show that a dispersed soil when 
dried does acquire a stable and reproducible state of aggregation. 
These results are very important and give added weight to the ag- 
gregate mechanical analysis of soils. They confirm the conclusion 
already arrived at from a study of the dispersion coefficient of 
soils, namely, that natural soils have a crumb structure which is 
characteristic of their ultimate mechanical analysis and therefore 
is not likely to change from day to day. Whereas ultimate mechan- 
ical analysis would give a measure of its chemical reactivity and 
other fundamental physicochemical properties, its aggregate 
mechanical analysis would reveal to a large extent its behavior in 
the field, such as cohesion, permeability, aeration, etc. Reference 
may again be made to the ratio Mq/M, i.e., the raUo between the 
mean diameters of particles with and without dispersion. Since 
clay is the cause of a^regation, its gradual removal is bound to 
narrow the difference between aggregate and ultimate mechanical 
analysis of a soil. This is brought out in a striking manner in 
Figure 14, in which are plotted the summation curves of soil P.C. 
13, with gradual removal of clay by repeated sedimentation and 
pourings. It will be seen that when d0% of the total clay is re- 
moved, the aggregate and ultimate mechanical analysis summation 
curves coincide. 

Similarly gradual addition of clay results in a widening of the 
difference between the aggregate and ultimate mechanical analysis. 



CHAPTER XI 
FLOC VOLUME 


Another aspect of the state of aggregation is the formation of ag- 
gregates on flocculation of a suspension. It is of interest to know 
whether these aggregates bear some relation to the crumb struc^re 
of the soil on dryingorto its ultimate mechanical composition. For 
this purpose a completely dispersed H soil suspension was floccu- 
lated by the addition of 10 cc of normal CaCl2 to 2 grams of soil in 
100 cc of water. The flocculated suspension was kept for ten days 
to produce water- stable floes and then was analyzed in the Purl 
siltometer. The results of this analysis for soil P.C.13 are given 
in Figures 15 and 16 in the form of distrlbuUon curves. 

It is clear that the curves are reproducible; In other words, the 
state of aggregation Is not due to chance coalescence of the partl- 
ticles^but takes place in accordance with some definite relationship 
to the mechanical composition of the soil. It is interesting to note 
that for soil P.C.13 neither the shape of the distribution curve nor 
the mean diameter (M) varies very much when different flocculants 
are used, though NaCl appears to give a somewhat lower value for 
the mean diameter. This is not surprising in view of the peculiar 
behavior of Na soils. Potassium, on the other hand, behaves like a 
divalent ion. 


It was felt that the concentration of NaCl used for these experi- 
ments might not have been sufficient to bring about the same state 
of segregation. Raisli^ the concentration of the solution from 0.1 
to 0.2 normal, however, did not materially affect the distribution 
curve. These results show, therefore, that apart from their dispers- 


ibility Na soils give finer crumbs. It is for this reason that a dried 
pellet of Na soil has the h^hest cohesion of all cations. 

These observations raise another interesting point. If the ag- 
gregate analysisof a flocculated soil is characteristic of its ultimate 
mechanical analysis, then the floe volume must also bear some re- 
lation to It Clay is the fraction which contributes by far the most 
toward a bloated floe volume, which but for its presence, would 
shrink to the normal size of any sediment. It is interesting to know 
what size of ultra-clay is mainly responsible for it and whether 
there is any relation between ultra-clay and floe volume. 
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Fig. 15. Size Distribution Curves of Soil P.C. 13 Flocculated with 

Different Electrolytes 

(M s mean diameter) 
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To standardize the technique of determining the floe volume of 
soils, preliminary studies were made of the effect of various fe- 
tors, such as concentration of the clay suspension used, the nature 
and concentration of the flocculants employed, and the time and 
speed of centrifuging required to produce a compact mass of ^focs. 

Clay (0.002 mm) was separated from 1% soil suspensions dis- 
persed by the HCl-NaOH method. For determining the floe volume 
4 cc of the clay suspension was always used. The chlorides of Ca, 
Ba and A1 were found to be about equally effective as flocculants and 
1 cc of 0.25 normal solution was found to be enough even in the case 
of very clayey suspensions. The chlorides of alkali metals, as ex- 
pected, did not cause flocculation unless much higher concentrations 

were employed, and even then the effect was rather slow. The cen- 
trifugal machine used consisted of an ordinary ceiling fan having 
the necessary attachments for holding three centrifugal tubes at a 
time, and could be worked at the rate of 620 rpm. The time of cen- 
trifuging was found to affect the values considerably at first, but 
after about half an hour no further decrease in volume took place, as 
maximum compaction and settling of floes had occurred by then. 

The procedure adopted for determining the floe volumes of soils 
was as follows: A 1% suspension was prepared, after maximum 
dispersion by the HCl-NaOH method and clay was pipetted off in the 
usual way. Four cc of the clay were put in the measuring tube, 1 cc 
of 0.25N CaCl2 was added and the suspension was centrifuged for 
30 minutes. The volume of the settled mass was read directly from 
the measuring tube, which was accurately calibrated up to 0.01 cc. 
The reliability of the values obtained by following the procedure out- 
lined was tested on 12 soils by taking each soil in three separate 
lots and deter mining the volume of the floe In each case. The values 
obtained In all cases were almost identical. 

Effect of pH on Floe Volume 

The relation between pH, floe volume, and clay content is shown 
in Figures 17 and 18 for soil P.C. 13 and P.C. 245, respectively. 
Both the floe volume and the clay content increase with the pH value, 
but whereas the clay content reaches its maximum value at about 
pH 10.6, the floe volume at this point attains only a fraction of its 
maximum value. In fact, the pH-floc volume curve becomes very 
steep at this pH and the Increase in floe volume is continued to pH 
11.6, after which it becomes constant. This shows that though the 
dispersion of conventional clay is complete at pH 10.8, the subdivi- 
sion of clay into ultra- clay is completed at about pH 11.6, as beyond 
this value no increase in floe volume is noticed. The relation be- 
tween floe volume and ultra-clay is plotted in Figure 19. 

For the same clay content, P.C. 13 soil gives a greater floe vol- 
ume than does P.C. 245. The reason for this is that P.C. 13 soli 
is much richer in ultra-clay than P.C. 245, and therefore a given 
amount of clay in P.C. 13 contains a Larger amount of finer particles 
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Fig. 16. Effect oi pB Value OQ Clay Content and Floc Volume of Soil P.C. 24$» 

Acld*Treated 


ThOC VOLUME 

than does the same amount of clay in the other soil. This obviously 
leads to the conclusion that size distribution in tte «ltra-clay 
region rather than the clay itself is mainly responsible for deter- 
mining floe volume. 
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For further evidence on this point, we can disperse the soil by 
various methods which give the same value for conventional clay 
but different values for ultra- clay, as shown before. Three soils 
we r e dis pe rs ed by the HCl-NaOH method, the Na2C03-Na0H method, 
and the sand method, respectively. The values for clay (0.002 
mm), ultra-clay (0.0001 mm), and the floe volumes are given in Table 
16. 

Although the clay content is almost the same in every soil, ir- 
respective of the method of dispersion, floe volume is different, and 
so is ultra- clay. As the latter increases when the soil is dispersed 
by the acid treatment, so does the floe volume. The discrepancy in 
the values of floe volume for the same values of clay content is so 
great that it is useless to attempt any correlation between conven- 
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tlon^ Clay and floe volume. It will be noUced also that the sand 
method is the least effective In dispersing ultra*clay. This con- 
firms the view already elaborated that dispersion of clay is essen- 
tially a chemical phenomenon associated with the formation of Na 
saloid. As such it is akin to the well known solubility of Na salts 
in water. The mechanical hammer action of coarse sand has no ef- 
fect on ultra- clay parUcles, which are too fine to receive its im- 
pact. 

It is clear from this that the idea that clay particles have a col- 
loidal coating is untenable. Colloidal particles have a separate, in- 
dependent existence, and when fully dispersed they exist as ultimate 
units possessing measurable sizes. When they exist as aggregates, 
there are gaps between them, through which chemicals take a long 
time to penetrate; therefore reactions are slow and may take sev- 
eral days to come to equilibrium. But when these aggregates are 
broken down to their ultimate units, there is no evidence to show 
that their chemical reactivity or other physico-chemical properties, 
like moisture absorption, cohesion, etc., are due to the capillary 
structure of the surface of the particles. In other words, the total 
surface can be calculated from the diameter of the particles by 
simple geometry, and no correction is needed by virtue of their 
having a larger surface than that indicated by their diameter. This 
point will be dealt with more fully later. 

Effect of Aging 

During the course of these studies it was noticed that floe vol- 
umes of suspensions increased on standing. This may be due to the 
gradual increase in the dispersion of ultra-clay or to something 
thatgoesbythenameof "aging’*, which is merely an expression with- 
out any precise meaning beyond stating the fact that some property 
changed with time. The effect of aging was studied on two soils, 
P.C. 13 and P.C. 142. 

To 5-gram portions of acid- treated soils, varying quantities of 
NaOH were added and the suspensions were shaken for 24 hours in a 
mechanical shaker. They were then diluted to 500 cc to give a 1% sus- 
pension, and their pH values were determined by means of the glass 
electrode. Thereafter the floe volume, clay content (0.002 mm) and 
percentage of ultra-clay particles (0.0001 mm) were obtained. The 
determination of these values and of the pH values of all the suspen- 
sions was repeated after varying intervals of time. The results are 
given in Table 17. 

The following conclusions may be drawn. As far as conventional 
clay is concerned, the various suspensions at different pH values ac- 
quire stable structure soon after 24 hours’ mechanical shakii^, for 
no appreciable increase in clay content is noticed up to 7 days’ 
standing. Furthermore, the maximum dispersion on the basis of 
conventional clay is attained at pH 10.8 to 11.0. 

The ultra- clay (0.0001 mm), however, continues to Increase in all 
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cases up to 65 hours' standing, reckoned from the ^ 
Lurs’ mechanical shaking. This happens even in suspensions a 
pH values higher than 11, though the effect Is l«ss pronounced. Thl 

shows that ultra-clay requires not only higher pH values than 10. 
but also a loiter shaking time than the usual 24 hours for complete 


Table 17. Effect ot aging of aoU suspension* 
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■The time of shaking, 24 hours, is not included. 

tAs 24 hours* settling time Is required to nllow pipetting from the minimum 
depth of 1 mm., the value for 2 hours could not be obtained. 


dispersion. This will be readily understood if we assume that dis- 
persion of soil takes place gradually, the coarser particles beir^ 
resolved first, followed by the parUcles in the clay region, and then 
by those in the ultra- clay region. After about 90 hours (including 
24 hours of shaking) complete dispersion has taken place on the 
basis not only of convention^ clay but also of ultimate primary 
particles in the truly colloidal region. Keeping the suspensions for 
a loiter time than this does not produce any further change in ultra- 
clay, and the suspensions acquire a comparatively permanent stable 
state. 

The floe volume, like ultra-clay content, increases with time of 
standing. The increase continues for as long as 65 hours in sus- 



296 


MECHANICAL ANALYSIS OF SOILS 

pensions at lower pH values, but for only 26 hours in more alkaline 
suspensions, although ultra>clay in the latter case increases to a 
small degree up to 65 hours. This apparent discrepancy will be 
readily resolved by reference to F^re 5, in which the effect of 
concentration of ultra-clay onthe floe volume tends to become con- 
stant. 

The pH value continues to decrease with time In all cases until 
it also becomes constant. This usually happens after 65 hours of 
standing, though the rate of fall gradually decreases. The explana- 
tion for the fall of pH value with lime is that the reaction between 
alkali and the acidoid takes place very slowly, as the soil particles 
exist in aggregates and the reactions involved take place only at the 
surface. When these aggregates, on contact with alkali, are gradual- 
ly resolved, first into smaller aggregates and then into ultimate 
primary units, fresh surfaces become exposed and the reaction con- 
tinues if enough alkali is present. This will continue until hydrogen 
In the acidoid is completely replaced by sodium. No further fall in 
pH value will then take place. As the maximum dispersion can oc- 
cur only when the acidoid is completely converted into Na sale Id, 
the ultra-clay particles continue to Increase with the progressive 
neutralization of the acidoid, and attain constant value only when 
sufficient alkali is kept in contact with the acidoid long enough to 
complete this reaction. 

Contribution of Particles of Various Sizes to Floe Volume 

Although it appears that ultra-clay particles determine to a large 
extent the volume of the flocculated mass, it is of interest to find 
out whether coarser particles also make a contribution to this value 
and if so, what the magnitude of this contribution is and at what par- 
ticle size it begins. 

Two H soils, with differently shaped size- distribution curves, 
were selected and dispersed by the addition of NaOH to raise their 
pH value to 11 .0 and by shaking mechanically for 46 hours. Particles 
of various sizes were pipetted after appropriate times of settling 
and their floe volumes as well as their summation percentages were 
determined in the usual wav. The results showed that particles 
coarser than 0.0001 mm (10*^cm) do not make any material contri- 
bution to the floe volume. Particles finer than this, however, begin 
to affect this value to an increasing degree. It is interesting to note 
that although P.C. 13 contains only 27% of particles below 0.00004 
mm, these particles contribute 90 per cent to the floe volume. 

In order to determine the floe volume of any silica that might have 
gone into solution as a result of alkalinity of the medium, the two 
suspensions were filtered by means of Houston’s pump and the floe 
volumes measured in the usual way by the addition of 1 cc of 0.25N 
CaCl2 to 4cc of the filtrates. The flocculated mass was found to be 
absent altogether In P.C. 149. It had a negligibly small volume in 
P.C. 13 because of the presence of humus. 
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nf roncentraUon of Suspension on Floe Volume ^ 

^ In order to study the eff ect of concentrauon on hoc volume, lour 
typical acid-treatedsoils were fuUy dispersed 

off in the usual way from 1% suspensions, 0 2 5 3 0 

^ach clay were prepared by taking 0.25, 0.5, 1.0, 1.5, 2.0, . * 

1“ and?cc of the suspension and making up to a volume of 4 cc to 
.kch case with water. The floe volumes were determined as «su^. 
SVesultsareplottedtoFigure 20: 1009b concentraOon represents 






i Z « so So TO so OO 100 

1 OOMCCWTAATION 

Fig. 20. Effect of Concentration of Clay on Floe Volume of Soils 

original cUy without any dlluUon, 50% represents the origi^ clay 
diluted half and half with water, and so on. It will be seen from the 
results that floe volume does not Increase in the same proporUon 
as the concentrauon, and that atacertain stage it becomes cons^t 
and quite independent of the concentration. This fact may be attri- 
buted to the mutual compression caused by the particles. As the 
concentration of the suspension increases, the force of compression 
also increases because of the larger number of particles occupying 


the same space. 

In Figures 21-23 the same results are plotted on the basis ol the 
three ultra-clay sizes (0.0001,0.000064 and 0.00004 mm). The val- 
ues plotted along the abscissas were obtained by dividing the per- 
centages of various sizes actually present in the soil by the number 
of Umes the clay was diluted, it will be seen that after a certain 
concentration of ultra-clay particles is reached, the floe volume 
becomes constant. 

Furthermore, all four curves for each of the three particle 
sizes have similar shapes. That all four curves for any particle 
size are not superimposed is to be expected, as it has already been 
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shovm parUeles larger than 0.0001 mm do not contribute to the 
lioc volume. When any two soils contain the same summation per- 



Tig. 21. ReUUon between Ploc Volume of Soils end Percentage of Particles 

< 0.0001 mm 
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low this si*e will be alike. The dotted curve In ewh 
tained by plotting mean values of ultra-clay parUcles corr P 
tag to varies floe volumes. The mean curves “fV 
bating the percentages of various ultra-clay particle size p 
in a suspension. 

tTUva.riav Particles as Determined from Floe Volumes 
" Although It is not possible to determine with aosoiuw 
from knowledge of floe volume, the i«rcentages over 

In the ultra-Clay region, a number of soils were studied to discover 
Se degree of Lcufacy that can be attained. A method that would 



Fig. 23. Relation between Floe Volume ol SoUs and Percentage of Particles 

<0.00004 mm 


give readily within a few hours a fairly if not absolutely accurate 
measure of the percentages of particles of such fine dimensions as 
0.000063 mm obviously would be very helpful. 

For this study, mean values of percentages of particles of various 
sizes (0.0001,0.000063, and 0.00004 mm) corresponding to different 
values of flocculated volume were obtained from the mean curves 
plotted in Figures 21, 22, and 23. All that need be done then is to 
find the floe volume of a soil by the method outlined at the beginning 
of this chapter, i.e., take 4 cc of clay separated from 1% of fully 
dispersed soil suspension and determine its floe volume on the ad- 
dition of 1 cc of 0.25N CaCl2, followed by centrifuging for half an 
hour. The percentages of particles of various sizes can then be 
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read by reference to the mean values. 

This method was tested on 63 soils. The percentages of particles 
of three sizes as determined by the micropipette technique and 
by the proposed method, agreed fairly closely. Results with a few 
soils are given in Table 18 by way of illustration. 


Table 16. Ultraclay as deter mined by the pipette method and by the floe 

volume meth^ 
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Thus the ultra-clay fractions canbe determined with a fair degree 
of accuracy by the proposed method. As no particular skill on the 
part of the observer Is involved and determinations of such fine par- 
ticles in a number of soils can be made within a few hours, the 
method has much to be said in its favor. 

















CHAPTER XU 

MECHANICAL ANALYSE OF FERROALUMINOSILICATES 

It is Of considerable Interest to know if the 
oreoared in the laboratorybehave like soils as regards 
Mafvsis We have already seen that, barring cerUin constitution^ 

differences which are only natural in view ^tlon 

duction (which is disintegration in the case of soils 
in Se case of artificial aluminosilicates). ferroaluminosiUcates 
behave exacUy like soils in most of their physico-chemical ^eac 
tions There ^s no reason to suppose that mechanical analysis of 
Silicates would not conform to the same general pattern associated 

'"‘Sl^Sl-es of varying silica, alumina and ferric oxide ratios were 
prepared by adding soluUons of different concentrations of ferric 
Ld aluminum silicate. The precipitates were washedover Buchner 
funnels with 0.05N HCl to remove unreacted sodium silicate and 
other extraneous cations, U any, then with distilled water until free 
from chloride ions, and finally with alcohol. The precipitates were 
then dried. The chemical com position of the mixtures as determined 
by the usual methods of analysis is given In Table 19. 

In order to find a suiUble method for dispersing ferroalumlno- 
silicates, the following methods often used in soil analysis were 
tried on one of the mixtures: 

(1) Shaking the suspension for 24 hours in a mechanical shaker 
with enough NaOH to raise the pH value to 10.8. 

(2) Wet-grinding the mixture with a rubber pestle and subsequent 
shaking for 24 hours in a mechanical shaker. 

(3) Same as (2) but enough NaOH added to raise the pH value to 
10.8 before shaking. 

(4) Shaking for 24 hours with coarse sand (1 mm diameter) to the 
amount of fivefold the weight of the sample. 

(5) Same as (4) but enough NaOH added to bring the pH value to 
10.8 before shaking. 

The results of mechanical analysis, determined by means of the 
Chaino- hydrometer are given in Table 20. Methods 1, 3 and 5 are 
about equally efficient, whereas the purely mechanical methods 2 
and 4 do not produce maximum dispersion but give a state of aggre- 
gation which is the same in both cases. 
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It has been shown that various methods of soil dispersion which 
5? efficient if reckoned on the basis of conventional clay 

W .002 mm) may give entirely different size distribuUons in the uU 
tra-clay region. In order, therefore, to determine how these three 
methods compare as far as dispersion of ultra^clay is concerned, 
the suspensions obtained by methods 1, 3 and 5 were subjected to 


Table 19. Chemical analysts tA lerroalumlnoskllcate mixtures* 
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4.14 

9 
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16.4 
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*The difference between 100 per cent and the total consUtuenU of each mix- 
ture is due to water of hydratl<m. 


Table 20. Mechanical analysis of ferroalumlsosUlcate mixture 4 dispersed by 

various methods 


■moo Of 
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48.9 

28.2 
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14.16 

2 

88.9 

44.06 

7.4 

4.6 

2.1 

3 

78.1 

46.1 

81.1 

17.9 

14.7 

4 

86.6 

44.0 

8.0 

7.1 

1.76 

6 

74.0 

44.0 

82.7 

27.6 

16.90 


* See text for deecriptioa of methode. 


ul t ram echan leal analy s is by the m ic r oplpette technique . The r esults 
given In Table 21 show clearly that method 3 is the most efficient 
The total dispersion in the ultra-clay region, however, is still very 
low. 

For silicate mixtures we find that the chemical method of dis- 
persion is successful only when some preliminary mechanical treat- 
ment such as grinding with a rubber pestle has been given. Soils, 
on the other hand, disperse to the maximum degree when they are 
merely left in contact with water containlx^ enough NaOH to raise 
their pH values to 10.8. No subsequent shaking and no preliminary 
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mechanical treatment are needed. This Is shown by ^ 

Table 22, which were obtained by dispersing an acld-»eated sou oy 
shaking with NaOH at pH 10.8 with and without preliminary grinding 
with a rubber pestle. The two sets of values for various ultra-clay 
fractions are almost identical. 


Table 21. Ultramechanical analysts of mixture 4 dispersed by various methods 



fDiiiufw* n 

■OMAoa 09 or tMton um 


•Ml mm. 

•Mia mm. 

•MOtS mm. 

1 

0.0 

0.0 

0.0 

2 

1.9 

o.$ 

0.0 

S 

4.4 

3.0 

2.1 


*See text for description of methods. 


Table 22. Effect of preUmtnary grinding on ultra mechanical analysis of soil 

P. C. 13 


nMsaTAei* faeticim or vascoo* imi 


TUATlBlfT 

e.m 

OAK 

' e.owu ' 
mm. 

OOOQI 

IDS. 

0,00006} 

1 0.00004 
am. 

No prelinusory mecbtfti<iol trvot- 

09.3 

68.4 

60.2 

46.8 

36.8 

26.4 

PrelituDory treotmoAt with rubber . 
peetle 

00.7 

^.8 

A ). 8 

46.4 

86.2 

26.7 


This difference in the two cases is probably due to the fact that 
the mixtures of the silicates prepared in the laboratory have not 
undergone natural disintegration and weathering as have the soils. 
In fact, grinding with a rubber pestle as a preliminary mechanical 
treatment may not be sufficiently drastic to put these mixtures on 
the same footli^ as natural soils. 

A more drastic mechanical treatment* -grinding in a colloid mill-- 
was also tried on the mixtures of silicates. The colloid mill was a 
mechanically driven agate pestle and mortar which gave efficient 
and thorough grinding of the material. The time of grinding required 
for the maximum effect was determined bytakii^ a 5*gram portion 
of a mixture, working it into a thin paste with water, and subjecting 
it to the action of the colloid mill for various intervals of time. The 
ground material, in each case, was transferred to a separate bottle 
and shaken with the requisite amount of alkali for 24 hours, as 
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usual. The results (Table 23) show that 1 hour of grinding is required 
to produce the maximum effect. Further grinding does notincrease 
the dispersion. 

The various mixtures were then dispersed by rubbing with a rub* 
ber pestle and by grinding in a colloid mill for 1 hour as mechanical 
treatments preliminary to chemical dispersion (shakii^ with KaOH 
at pH 10.8), and were subjected to complete mechanical and ultra- 
mechanical analysis (Tables 24 and 28). 

Another set of each of these mixtures was subjected to grinding 
in a colloid mill for 1 hour and air-dried. They were redispersed 
by grinding with a rubber pestle followed by shaking with NaOH for 
24 hours. The results of the mechanical analysis are included in 
Table 25. 


Table 23. Effect of time of srlodlng la a colloid mill upon dlaperslon of silicate 

mixture 4 


na or 

' fovHATMw ruavTAon ot 99 vauovi 

OMNSim 


Km 

A HnA 




Q^OCOOU 


mmm 

mmm 

▼.on 


vwvU IM. 

vMwi oa. 

BA* 

ml—U* 



1 





U 

61.4 

46.3 

37.6 

n 

6.1 

B9 

1.9 

30 

67.3 

61.4 

S.6 

36.6 1 



3.3 

60 

77.0 

66.6 

49.0 

62.6 

12.9 


4.1 

ISO 

76.6 

67.3 

46.6 

81.7 

12.1 

0.6 

8.6 


Comparison of the results in Table 24 with those In the upper rows 
of the different mixtures shows that preliminary grinding in a col- 
loid mill produces far more clay than does rubbing with a rubber 
pestle. Furthermore, the figures in Table 25 for mixtures sub- 
jected to mill grinding as the only preliminary mechanical treatment 
differ considerably from the figures in the same table for mixtures 
subjected also to air-dryix^ and regrindlng with a rubber pestle. 
This Is evidently because grinding breaks down the aggregates into 
smaller particles which remain as such in the wet state, but recom- 
bine on drying to form crumbs again. 

It will be seen from Table 25 that the first four mixtures have 
approximately the same mechanical composition and the same 
amount of clay and ultra-clay fractions. The succeeding mixtures 
contain deer easing amounts of clay as well as of ultra-clay particles. 
The differences, however, are probably only apparent. As shown 
in Table 19, the mixtures are numbered In the order of decreasing 
amounts of iron and increasing amounts of Al. It appears that when 
the Al content of a mixture increases beyond a certain limit, par- 
tial dissolution of aluminum silicate takes place In the alkaline solu- 
tion. This causes partial coagulation of the suspension, which is 
reflected in low values of the clay and ultra-clay fractions. As the 
Al content of a mixture increases further, the dissolution and there- 
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Table 24. Mechanical analyeie of silicates dispersed b 7 pinding with a rubber 
pestle a nd shaking with alkali at pH lO.o 


Hdym 


Q.M 


76.2 
76.9 

76.9 
74.1 

74.6 

78.7 

77.9 

79.3 

63.4 


vnounoM 


rWAIRAM* or »A*TtClAS Off VAUOVff ffsa* 


ttOI 


48.8 
37.2 

37.2 
44.6 

44.8 

49.8 

60.8 

61.2 
63.8 


041 


24.6 

23.6 

28.7 

41.8 

39.9 
80.8 
32.3 
33.8 
33.6 


o.oos 


16.9 

20.7 

17.3 

17.9 

18.7 
18.6 

16.3 

12.7 

11.8 


0,004 


18.6 

18.3 

13.6 

14.3 

12.3 

12.1 

10.6 
7.8 
6.4 


0401 


5.6 
4.4 

4.6 

4.7 

3.7 
2.6 
2.3 
2.1 
2.3 


o.oooos 


8.6 

3.8 

3.7 

3.8 
2.3 
1.6 
1.0 
1.2 
1.0 


owns 


2.8 

2.0 

2.3 

2.1 

1.8 

0.8 

0.8 

0.3 

0.6 


04001 


1.5 

1.8 

1.7 

1.7 

0.7 

0.8 

0.2 

0.8 

0.6 


Table 28. Mechanical analysis of silicates dispersed by grinding In a colloid 

mill and subsequent shaking with NaOH* 


ffmHAtlOlf RBOVtAOU Off ffAMOM Off VAffSOOff ffUM 


uijoaa 

eoaau 

O.OOaa 

00] an. 

0.01 m. 

04W 

mm. 

0403 

0401 

040009 

040099 

euft. 

O.OOOl 

BUP, 

0.000009 

aiB. 

1 

82.1 

78.8 

72.3 

71.1 

63.4 

88.4 

.... 

13.8 

13.8 

8.8 

76.3 

83.5 

49.2 

46.6 

83.7 

13.2 

3.8 

6.9 

4.9 

2.1 

2 

62.6 

77.4 

72.9 

71.6 

81.3 

86.8 

EH 

18.2 

9.7 

4.2 


60.4 

88.8 

61.3 

43.3 


13.1 

mm 

8.4 

8.9 

1.6 

8 

85.8 . 

78.0 

76.9 

70.8 

48.7 

34.1 

21.2 

18.6 

9.3 

4.1 

1 

1 

81.9 

88.9 

68.8 

42.9 

81.9 

13.1 

6.3 


8.8 

1.2 

1 

4 

88.9 

79.8 

73.8 

67.8 

49.1 

82.1 

20.9 

HI 

mm 

3.8 


63.8 

87.7 

83.8 

42.1 

30.1 

11.4 

8.3 

iSI 


1.8 

6 

87.3 

78.4 

78.3 


48.2 

80.1 

19.8 

lo.e 

8.8 

8.6 


84.3 

87.9 

86.9 

40.8 

80.4 

8.6 

4.2 

3.3 

2.7 


6 

87.4 

84.8 

78.8 

66.9 

43.0 

24.1 

16.3 

10.3 

8.2 



86.9 

71.3 

88.8 

39.7 

38.1 

8.3 

$.8 

8.2 

2.1 


7 

98.8 

83.9 

79.6 

85.3 

42.9 


17.8 

9.6 

8.1 



87.8 

72.3 

69.6 

38.2 

26.2 

8.4 

2.2 

2.9 

HI 


8 

97.4 

36.6 

80.8 

85.4 

36.9 

19.3 

16.4 

9.4 

m 

2.2 


88.6 

73.6 

81.9 

39.1 

24.3 

8.9 

2.4 

2.8 



6 

98.1 

86.9 

EO 

84.3 

38.6 

19.6 

18.2 

9.2 




88.8 

73.9 

m 

87.3 

20.1 

8.2 

2.1 

msM 




* The yaluee in the lower row for each mixture were obtained by air-drying the mill- 
ground material and then diaperring it by of the rubber pestle treatment before 

ahaking with alkali. 
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fore the coagulation effects become more and more pronounced, re- 
sulting in further lowering of the values of clay and ultra- clay frac- 
tions. As iron silicate resists the dissolution action of alkali, no 
such effect is noticed in mixtures rich in iron. 

Jn soils no such dissolution of A1 takes place as long as the quan- 
tity of alkali added is not appreciably large, and the pH value does 
not rise much beyond 11. In fact, soils rich in A1 yield fairly stable 
suspensions. This is easily understood when it is remembered that 
Fe and A1 are easily accessible to acids and alkalies in artificial 
silicates, whereas in natural soils only the portion constituting the 
surface can be attacked. A confirmation of this view is furnished 
by the fact that if a number of H soils are shaken with O.IN HCl, 


Tabl« 26. RfUtkoA betwtftD ih* fiesquIcoUdM dissolved 
from s B*soklb)r O.IN HCl sod sc id dlsplsced by s 
neuirsl sslt 


Soil No. 

Dicbftngo acidity 
a.o. per 16 gm. 

Seaqulosldca 
m.t. p«r 10 fm. 

A.T. 1 

1.64 

1.66 

A.T. 2 

0.90 

0.66 

A.T, 5 

6.66 

0.62 

A.T. IS 

6. 66 

0.40 

A.T. 16 

1.70 

1.66 

A.T. 17 

1.60 

1.20 

A.T. 23 

4.40 

4.00 

A.T. 24 

4.40 

4.60 


the amount of A1 and Fe brought into solution Is almost equivalent 
to the acid displaced by shaking the soil with a neutral salt. This 
will be clear from Table 26. 

As the method of finding exchange acidity as well as the proce- 
dure of shaking with O.IN acid are purely arbitrary, these results 
cannot be taken too seriously beyond the fact that they do support 
the view that In natural soils only that portion of the sesquloxldes is 
attacked by acid which constitutes the surface. The portion form- 
ing the bulk of the rest of the soil is inaccessible. 

Soils are known to be completely dispersed at pH 10.6. At low- 
er pHvalues, thedispersionls small and any rise in pH value grad- 
ually causes Increased dispersion. 

To determine the dispersion of silicates at various pH values, 
four mixtures were given preliminary treatment with a rubber pes- 
tle, and their 1% suspensions were prepared. The clay content 
(0.002 mm) was determined by means of the Chaino- hydrometer in 
each case on the gradual addition of increasing amounts of NaOH. 
After each addition of NaOH the suspensions were put aside for 48 
hours (with occasional shaking by hand) before the clay percentage 
was determined. The pH values of the suspensions were also noted 
at the same time by means of the glass electrode. The results are 
plotted In Figure 24. Dispersions of an acid-treated soil at differ- 
ent pH values determined in the same manner as In the case of the 
silicate mixtures behave similarly as far as dispersion is concerned. 
Just as dispersion in soils increases gradually with a rise in pH 
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value and reaches a tnaxiinum at pH 10.8 to ll.O, so dispersion in 
mixtures continues to increase with the pH value to about lo, 



TUt 24 DIsperaion ol PerroUumlnosUlcates (alter Grinding with a Rubber 

Pestle) at Different pH Values 



Fig, Dispersion of Ferroalumlnosillcates (after Grinding in Colloid Mill) 

at Different pH Values 

which point the increase becomes more abrupt and is continued un« 
til the maximum value of clay is attained at about pH 11. 

The dispersion of silicates at different pH values after grinding 
in a colloid mill is shown in Figure 25. 
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The curves are steeper and the maximum values for clay content 
Ve obtained at much lower pH values than when the grinding is 
done with a rubber pestle. This shows that when the chemical method 
of dispersion is aided by such drastic mechanical methods as 
grlndi^ a colloid mill for 1 hour^tbe maximum dispersion is 
brought about much sooner. In other words, the effects of chemical 
tod mechanical dispersion are additive. But it wUl be readily seen 
that grinding in a colloid mill alone, however drastic this treatment 
may be, cannot produce any marked dispersion: addition of alkali 
is essential. 



CHAPTER Xm 

MOVEMENT OF PARTICLES IN SEDIMENTING COLUMNS 

All methods of mechanical analysis of soils depend on the laws 
governing the movement of particles in sedimenting columns. Stokes 
law applies to the movements of very fine particles where the mo- 
tion is so slow that terms involving the square of the velocity csm 
be easily neglected. Under such conditions it is assumed that the 
motion of particles is governed purely by laws of viscous flow 
that the inertia of the fluid does not affect their movements. It has 
been shown that this assumption is justified only when the diameter 
of the falling particle is such that 



where v is the velocity and d the diameter of the falling particle, 
while p Is the density and r\ the viscosity of the medium in which 
the particle falls. The quanUty ^ is known as Reynolds* number 

n 

(I?) and it obviously increases with particles of larger diameters 
and higher velocities. 

When for a given diameter, Reynolds* number exceeds unity, the 
inertia terms cannot be neglected, i.e., the force resisting its mo- 
tion will now depend upon the inertia of the fluid as well; In other 
words, the real diameter of the particle will be greater than that 
calculated by Stokes* formula. If water (at ZtfiC) is used as the set- 
tling medium, the value of R will exceed unity when the diameter of 
the falling particle Is larger than 0.075 mm. As sand particles are 
much coarser than this, they can be graded by the method of sedi- 
mentation only if necessary corrections are appUedto the diameters 
calculated by Stokes* formula. 

Knowing Reynolds* number, the necessary correction to be ap- 
plied to the Stokes’ diameter can be calculated according to Gold- 
stein or Zahm. Goldstein obtained his function theoretically where- 
as Zahm*s was obtained from the results of experiments. 

Zahm*5 function has been used in the mechanical analysis of canal 
silts and sands by means of the siltometer, described previously. 
In the Puri siltometer the sand particles are graded by allowing 
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them to fall through a long column (200 cm) of water and coilecUng 
the fractions in separate boxes that move in position under the water 
column at predetermined intervals of time. 

In the present investigation this siltometer was used throughout. 

Effect of Varying the Length of the Sediment ing Column 
on Sand Particles 

Sand samples of varying degrees of coarseness collected from the 
beds of the various canals were analyzed In the Puri siltometer by 

Table 27. Effect of varying the length of the sedimenting column on mean 

diameters of sands. 

Diameter of both tubes « 2.S" . 

Mean Diameters In mm. 


Sample 

No. 

Length 
of tube* 
200 cm. 

Length 
of tube* 
400 cm. 

Sample 

No. 

Length 
cA tubes 
200 cm. 

Lei^th 
of tvibes 
400 cm. 

1. 

.1574 

.1492 

13. 

.2543 

.2475 

2. 

.1529 

.1365 

14. 

.2529 

.2344 

3. 

.1501 

.1347 

15. 

.2502 

.2337 

4. 

.1517 

.1345 

16. 

.3246 

.3073 

5. 

.1520 

.136 

17. 

.3040 

.2698 

e. 

.2026 

.1658 

18. 

.3018 

.2752 

7. 

.2031 

.1940 

19. 

.3042 

.2963 

8 . 

.2097 

.1947 

20. 

.3016 

.2737 

9. 

.2112 

.1960 

21. 

.3506 

.3327 

10. 

.2115 

.1967 

22. 

.3566 

.3284 

n. 

.2093 

.1919 

23. 

.3506 

.3234 

12, 

.2504 

.2427 

24. 

.3513 

.3464 




25. 

.3527 

.3374 


using 200-cm and 400*cm columns of water. The mean diameters 
as calculated from these results (by multiplying the percentages of 
particles of various sizes interpolated from the summation curves 
with the corresponding particle size, and dividing the sum of all 
such products by 100) are given in Table 27. It will be seen from 
the values given in Table 27 that by using a longer column consist- 
ently lower values for mean diameter (M) are obtained. This is 
probably due to the effect of the walls of the containing vessel on 
the settling velocity of the particles. 

The influence of the walls becomes more effective when the length 
of the sedimenting vessel increases, since more and more particles 
move along the walls as the sedimentation proceeds, and the parti- 
cles which do 90 have little tendency to change their path. In order 
to verify this point several samples of sands were dropped into 90- 
and 200-cm columns of water contained in glass tubes of equal di- 
ameter. At the bottom, the tubes were fitted with rubber corks, each 
containing in the center a small glass tube of diameter nearly one- 
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third that of the sedimentation tube. The amount of the sample col- 
lected in this small tube vas determined in each case. The resul 
(Table 28) show that in a longer tube more particles travel along 
the sides of the tube, as the amount collected in the center is com- 
paratively small. This substantiates the explanation given above 
for the lower value of mean diameter observed in a loiter column. 

Effect of the Width of the Sedimenting Column on the Movements ^ 
Particles 

In order to find out the effect, if any, of the width of the sediment- 
ing column, two brass pipes, 2.5 and 1.6 Inches in diameter but 
having the same ler^;th (200 cm), were used one after the other in 
the Puri siltometer and a number of samples analyzed in each case. 

The results (Table 29) clearly show that a narrower column gives 
a lower value for the mean diameter. This is evidently because 
more particles will move along the sides in a narrow pipe than in a 
wide one. This results in lowering their actual rate of fall. 


Tabu 26. £lfect ot vails on lh« laU-ol parlklaa in a«dlneciuttcm lubes o< 

dlfler«D( lengths 

(Jgm. of samples were dropped In each case.) 


Sample 

Ko. 

Wl. in srame falling in the tube fixed in the centre of the rubber cork. 

Length of column • 200 cm. 

Length of column ■ 90 cm. 

1 

.42 

.54 

2 

.50 

.56 

3 

.46 

.54 

4 

.51 

.56 

6 

.45 

.56 

6 

.46 

.50 

7 

.50 

.54 

8 

.44 

.52 

6 

.44 

.54 

10 

.46 

.54 


Effect on the Movements of Particles of Samples of Different 
Weights in a Sedimenting Column 

In order to study the mutual influence of particles in a sediment- 
ing column, 10.5 and 2.5 grams of a number of samples were ana- 
lyzed in the siltometer usir^ a column 200 cm long and 1.6 inches 
wide. The results (Table 30) show that the value of M for any sam- 
ple remains practically unchained for samples of different weights. 
The effect of mutual collisions of particles, therefore, at least with- 
in the concentrations tried, is almost nil. This is what may be ex- 
pected, since sand particles become separated from one another on 
account of their different velocities soon after being dropped. 

Effect on the Movements of Sand ParUcles of Fine Suspended Mat; 
ter in a Sedimenting Column 

It has often been asserted that the presence of fine suspended mat- 
ter in water will alter its viscosity. This is of practical importance 
in view of the fact that the rate of settling of canal silts on the bed, 
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for tee same hydraulic data, has been found to vary with the quantity 
of finer particles carried in suspension. It can, however, be shown 
tnat the increase in viscosity of water charged with 8 oz of fine 
slit per cubic foot is equal only to that produced by about 2«C dif- 
ference of temperature, and therefore it should have no material 


Table 39. Effect of Tarylng the width of the sedimenting column on mean dlame- 

tors of ftUKis. 

Both tubes were 200 on. in length 


Sample 

No. 

Mean diameter mm 

2.5' tube 

1.6" tube 

1 

0.3816 

0.3614 

2 

.1996 

.1894 

3 

.2458 

.2063 

4 

.2894 

.2652 

5 

.3394 

.3035 


effect on the rate of settling of particles, as the normal amount of 
suspended matter In canals rarely exceeds 2 oz per cubic foot of 
water. 

It might be argued that though the fine suspended matter has no 
effect on viscosity, It may exertsome direct Influence on the move^ 
ments of bigger particles. Silt was therefore analyzed In the siltom- 
eter using water with increasing quantities of suspended matter. 
The results given in Table 31 show that the mean diameter remains 
unaffected by the presence of fine particles. 

Behavior of Silt Particles Carried in Suspension by Channels 
Slit is carried in suspension by the water of a channel, and when 
deposited on the bed it naturally reduces the capacity of the channel. 
It is thus of great importance to an irrigation engineer to adjust the 
shape and velocity of the channel in accordance with the quantity and 
the size of the particles in suspension, to prevent sedimentation as 
far as possible. For this he should know amount as well as the 
grading of the particles carried. The silt charge at a given point 
can be determined by taking a sample of water from that point by 
means of a suitable sampler and leaving It to settle for a time, draw- 
ing off the supernatent water by a syphon, evaporating the residual 
water and weighing the deposit. The deposit may then be graded by 
combining the processes of sieving and sedimentation, or by pass- 
ing it through a siltometer if it is in sufficient quantity. 
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Table 30. Ettect <A dropping different weights of samples on their mean 

dlAinetfirs. 

TiAe used was 200 cms. long and led" In diameter. 

Mean diameters In mm. 


Sample Ko. 


1 . 

2. 

3e 

4. 

5e 

de 

7 . 

6e 

de 

lOe 

lie 

12e 

ISe 

14 . 

15 . 

16 . 
17 . 
16 . 
Id. 
20 . 
21 . 
32. 

23. 

24. 

25. 


Weight aL the sample dropped 


10 gms. 


.1470 

.13d4 

.1404 

.1409 

.1330 

.1794 

.1995 

.1858 

.1947 

.1923 

.1871 

.2443 

.2494 

.2389 

.2340 

.3148 

.2947 

.2804 

.2983 

.2735 

.3289 

.3324 

.3195 

.3318 

.3382 


5 gms. 


.1493 

.1425 

.1403 

.1403 

.1319 

.1820 

.2001 

.1847 

.1934 

.1945 

,1871 

.2445 

.2514 

.2450 

.2274 

.3148 

.2927 

.2750 

.2980 

.2780 

.3313 

.3420 

.3192 

.3447 

.3339 


2.5 gms. 


.1455 

.1412 

.1440 

.1420 

.1325 

.1809 

.1949 

.1882 

.1995 

.1957 

.1889 

.2477 

.2519 

.2372 

.2380 

.3094 

.2930 

.2798 

.2992 

.2767 

.3309 

.3454 

.3201 

.3339 

.3338 


Table 31. Effect of suspended matter in water 
on the mean diameter of sand 


Suspended matter 
gm. per liter 

Mean diameter mm* 

0 

.3011 

0.12 

.2894 

0.16 

.2952 

0.39 

.2998 

0.62 

.3002 

1.11 1 

.3022 

4.09 

.2958 

5.11 

.2950 
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Various types of samplers for taking water from canals have been 
devised from time to time. One such Instrument in use in the Pun- 
jab Is known as "bottle sampler”; it consists of a long pipe attached 
at one end to a frame holdlj^ a one-liter bottle fitted with a rubber 
stopper which is operated by a lever fixed at the other end of the 
pipe. The mouth of the bottle is lowered to a desired depth; the 
stopper Is lowered onto the bottle, again by working the same lever 
in the reverse dir ecUon. The mouth of the bottle should be kept open 
for the minimum time required to fill the bottle. This should be 
ascerUlned experimentally by the observer. The importance of 
filling the bottle as quickly as possible will be realized from the re- 
sults in Table 32, which gives the total silt in suspension determined 
by keeping the mouth of the bottle open for varying lengths of time. 


T^le 32. Effect ctf time of sampllDg on the value of total silt. 


Time (seconds) 

Silt In gms. per Litre. 

12 (when just full) 

.294 

15 

.336 

20 

.364 

25 

.376 

SO 

.376 

40 

.420 

50 

.497 

60 

.518 


The distribution of silt in a vertical section of a stream varies 
with depth both as regards quality and quantity. Its determination 
is of practical importance, as it gives the best bed level for a branch 
taking off from the main stream. It can only be ascertained by ob- 
servations or by experience with similar streams. Samples were 
taken from vertical sections of about half a dozen channels at vari- 
ous points and It was found that silt charge at 0.6 of the depth was 
very nearly equal to the mean quantity of silt in the whole vertical 
column. The results of observations made on two channels are re- 
corded in Table 33. 

The results obtained on other channels were similar. The fact 
that the silt charge at 0.6 of the depth is nearly equal to the mean 
quantity of silt in the whole vertical column is of great value, since 
in order to find the total amount of silt carried in a certain volume 
of canal water, a sample from 0.6 of the depth can be taken and its 
silt content determined. It must be mentioned that these results of 
silt distribution in a vertical column refer to channels that are under 
controlled conditions. In the case of channels In floods or with ir- 
regular gradients or undergoing heavy silting or scouring, the phe- 
nomena of slit distribution may vary from time to time and from one 
channel to another. 
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Silt is not only carried in suspension but is also rolled 
bed of a stream. Coarse silt is more often rolled than carried, 
when carried it is usually found in greater proportion near the 
Since both the rolling and carrying powers of a channel 
its velocity of flow, it is quite likely that there may be some relation 
existing between the suspended and rolling silt. The suspended s 
present at a depth near the bed, on account of its proximity to me 
rolling matter,, will show a better relation with the latter. 


Table $$. 

Showing the vertical distribution cd silt. 


Point of 
Sampling 

1 

Total silt in gms. per litre. 

Upper Chenab Canal 
R.D. 1000 

Depth 13.5 ft. 

Lower Chenab Canal 
R.D. 3500 

Depth 14.0 it. 

.ID 

.732 

.735 

.2D 

.686 

.747 

.3D 

.695 

.774 

.4D 

.707 

.770 

.5D 

.742 

.788 

.6D 

.778 

.812 

•7D 

.828 

.873 

.8D 

.855 

.891 

.9D 

.921 

.924 

Mean 

.772 

.813 


In order to establish the relation between the size of silt in sus- 
pension and that rolled along the bed, suspended matter was taken 
at 0.8 of the depth. It was not possible to collect samples within 
one foot of the bed without disturbing the bed material. The depths 
of the channels observed varied from 5 to 8 feet. Shallower chan- 
nels, less than 5 feet deep, could not be sampled from 0.8 of the 
depth for the reason mentioned above. Rollii^ matter was taken by 
means of a sampler consisting essentially of a scoop which digs in- 
to the bed when revolved, and a cowl, which protects the sample 
frombeing washed away when the sampler is broi,^ht to the surface. 
Samples of both types were taken from ten channels on different 
dates and graded in the Puri sUtometer. The only relation found 
was that the maximum size present in the suspended matter was 
nearly equal to the mean size of the rolling silt. 



CHAPTER XIV 

RELATION BETWEEN MECHANICAL ANALYSIS AND THE 
SPECIFIC SURFACE OF SOILS 

Specific surface is defined as the surface area per unit mass of 
the particles. For purposes of simplicity of calculation, the parti> 
cles are assumed to be spherical, having an* equivalent” diameter 
which has the same significance as the diameter calculated from 
Stokes’ Law in ordinary mechanical analysis by sedimentation. 

In a previous chapter a micro^pipette for the ultramechanical 
analysis of soils was described. This method makes it possible to 
push the mechanical analysis of soils down to particles of 0.00004 
mm diameter. As the finer particles contribute by far the most to 
the determination of the specific surface, it is evident that true es« 
timationof the extent of the surface presented by the soil is possible 
only if the size distribution of particles in the region of ultra*ciay 
is known. Specific surface is given by the formula: 

55 » 0.02264 I p/d 

where p is the percentage by weight of particles of mean diameter 
d. 

The following discussion will make the derivation of the above 
formula clearer. 

Let a sample of soil weighing units be separated Into fractions 
of different sizes. Let the weight of one of these fractions be w, 
its equivalent diameter d, and particle density, p. It is assumed 
that the density of each fraction is the same as the density of the 
whole soil. It is also assumed that particles in each fraction can 
be assigned an equivalent diameter from their rate of settllr^ in 
water In accordance with Stokes’ Law. 

If the number of particles in this fraction is n and v is the volume 
of one sphere, we get: 

w 6. pv 

»n. g. p X H (i) 

The total surface of these particles is given by: 
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S s n s, where a is surface of one sphere 
^nnd2 (U) . 

SuxnmiJ^ up for the entire sample, we get: 

If s 2 w 

= 71 i P 2 (lii) 

S = n* * 7 i 2 nd2 (iv) 

If we divide (il) by (1) we get: 

S/W = e/rf P d S = 2 8 2 w/d (v) 

If M is the total mass of the sample M » w/g^ 

Therefore S/M « 6/l^P S 

Now if the given fraction forms P per cent by weight of the total 
sample 

w/w - f /100 

Therefore s/M » 6 (2 p/<f)/100*p 

For soil particles it Is generally assumed that p * 2.65* 

Therefore S/M » <6/265) 2 p/d » 0.02264 Z p/d (vi) 

The ratio S/M is obviously the specific surface and it can be cal- 
culated from equation (vl) if the percentage by weight of each frac- 
tion and its * equivalent diameter* is known. 

Another method of representing specific surface would be to con- 
sider it in terms of unit volume, l.e., S/V 

Obviously S/V * p.S/M ® 2.65 S/M * 0.06 2 p/d 

However, in the case of soils S/M is preferable, since the me- 
chanical analysis is in terms of weight. 

The following further postulates are made in calculating specific 
surface by the above method: 

(a) The particles of various sizes In any fraction can be replaced 
byspherlcalparticles, whose diameter is the mean of the value con- 
sidered to be the upper and lower limits of the size for the fraction. 
For instance, particles lying between 0.015 and 0.017 cm are treated 
as if they had a common diameter equal to 0.016 cm. 

(b) When the lower limit of analysis Is reached, i.e., when the 
particles are so fine that further analysis is not possible or is con- 
sidered unnecessary, the diameter of the particles is taken to be 
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equal to half of the value for the diameter of the finest particles 
determined by analysis. Thus if there are 2^ of particles whose 
diameters are less than 4 x 10*® cm, the highest degree of fineness 
attained in some experiments, it is usual to treat this 2 S% as hav- 
ing a diameter equal to 2 x 10"^ cm. 

It is evident from the above discussion that the value of specific 
surface would vary with the point at which further analysis is 
stopped. It Is thus not possible to obtain its unique value unless it 
is with reference to some fixed lower limits of analysis. The fol- 
lowing numerical example will show that it is really so. 

Soil No. P.C. 13 

Particles below 0.002 mm » 58.8% 

Particles below 0.001 mm » 57.8 
Particles below 0.00063 mm * 54.6 
Particles below 0.00004 mm - 26.4 

If the analysis were stopped at 0.002 mm, the contribution of the 
particles below this size to the specific surface according to the 
above postulates would be 

58 8 

$1 . 0.02264 X 1/2 X .0^100 
9 1.33 X lO^sq cm/gm 

If, however, the analysis were stopped at 0.001 mm the contribution 
would be: 

So » 0.02264 ^58.8-57.8 ^ \ . 2.63 x lO^sq cm/gm 

^ \ 0 . 001/10 1/2 X , 001 / 10 / 


Similarly, if the analysis is stopped at 0.00063 mm and 0.00004 mm, 
the contributions are S3 and respectively: 


53 s 4.04 X lO^sq cm/gm 

54 s 31.8 X lO^sq cm/gm 


It appears, therefore, that specific surface must be defined with 
reference to the lower limit of analysis, and that its utility as an 
index of physical and chemical properties of the soil depends on the 
relation between the lower limit and the property it Is proposed to 
study. 

The lower limit of analysis has been 0.00004 mm, i.e., 10 * cm 
in all calculations for specific surface included in this chapter. 

Graphical Method of Calculating Specific Surface of Soils 

The graphical method of calculating specific surface has been 
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previously used by Kraus s. This method is mentioned by Robinson. 
The Krauss method suffers from the disadvantage that he uses the 
idea of settling velocity. The velocity, being dependent upon the 
temperature at which the sample is analysed, will not be constant 
for experiments performed at different temperatures. 

The method now developed is based on the idea that if a quantity 
y is plotted against a quantity x. the area enclosed between the curve 
and the axis of x and any two ordinates, yj and ^2 given by the 
Integral of y with regard to x between the limits and y 2 . When 
the quantity ^es not vary by infinitesimal steps, but takes on dis- 
crete values, this integral reduces to the summation, Iy«^ taken 
between the limits y^ and y 2 . 



Fig. 26. Graphical Method of Calculating Specific Surface 


The expression for the specific surface can be written as 2 K * 
where F Is the percentage of particles having a diameter lower 
than 0. and K is a constant independent of size (and is equal to 
0.02264). 

Consequently, if we plot ? against \/0 the area of the resultir^ 
curve enclosed between the \/t> axis and the ordinates at the points 
and 1/^2 equal 1/K times the specific surface. If we fur- 
ther choose the scale along the l/p axis in such a manner that the 
constant K is absorbed, it will be possible to get the value of the 
specific surface by a direct reading of the area by means of a plani- 
meter. 


The smallest size is limited by the degree of refinement to which 
fhe a^lysis can be pushed. In the present case the smallest size 
is 10* • cm. All the particles below this size, as mentioned above, 
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are treated as if they bad a mean siae equal to half this size. The 
curve has therefore been horizontally extended lor a distance pro« 
portional to 2/D, where D U the smallest size. 

The method is explained by reference to Figure 26. The slz^ 
for which the percentage determinations are made are 
10-5.2, 10-5 0, 10-4.6, 10-4-2, io-4, io-3.6, 10-3.2, io-3 p^. 
tides larger than 10 ’3 cm did not contribute appreciably to spe- 

Table 34 » Comparison of values of specific surface determined 

by various methods. 

Specific surface determined by various methods. 


Soil No. 

Direct 

Calculations 

Graphical 

method 

Calculated from per- 
centage of particles 
below .00004 mm. 


X 10< 

X 10* 

vTlP 

A. 

1.66 

1.56 

1.49 

B. 

5.63 

5.77 

5.55 

C. 

10.57 

11.12 

9.80 

D. 

14.69 

14.66 

14.20 

E. 

27.46 

27.58 

24.90 

2. 

37.36 

37.58 

37.74 

3. 

45.74 

46.65 

48.71 

4. 

4.40 

4.60 

4.52 

5. 

I 4.12 

4.44 

4.52 

8. 

22.08 

22.90 

25.06 

9. 

12.28 

12.66 

11.78 

10. 

27.84 

26.12 

28.04 

11. 

25.80 

26.66 

26.40 

12. 

5.52 

5.68 

6.14 

13. 

37.26 

38.41 

37.70 

14. 

20.80 

20.96 

20.24 

15. 

8.68 

8.66 

7.96 

16. 

2.36 

2.48 

2.91 

17. 

7.52 

7.17 

7.34 

19. 

23.00 

22.47 

21.61 

20. 

3.88 

3.65 

4.79 

21. 

5.25 

5.72 

5.60 

22. 

5.84 

5.82 

6.01 

23. 

3.28 

3.84 

5.47 

24. 

6.68 

6.62 

7.36 

25, 

1.52 

1.56 

2.22 

27. 

3.72 

3.53 

3.59 

29. 

31.32 

31.62 

30.20 

36. 

' 3.30 

3.36 

3.44 
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cific surface and have been neglected. The process will be clear by 
reference to Figure 26 in which the curves have been drawn for five 
of the soils. 

The horizontal axis shows the summation percentages. The ordi- 
nate marked (K/D mm) is for the smallest size obtained in the anal- 
ysis » and the ordinates to the left of it represent the gradually in- 
creasing sizes. 

Comparison of the values of specific surface for these five soils, 
as well as for a number of others, as obtained by calculation and as 
given by the planimeter quadrature is shown in Table 34. 

The agreement within the limits of experimental error appears to 
be fairly close. The plotting and the reading of the curve by plani- 
meter takes only about five minutes while the calculations usually 
take 30 to 40 minutes. 

Specific Surface as Determined from Percentages of Clay and 
Ultra-Clay Particles 

It is of interest to study the relation of specific surface to the per- 
centages of fine fractions such as those represented by 0.002, 0.001, 

0. 00063 and 0.00004 mm limiting diameter. The last two sizes were 
classed as ‘'ultra- clay" and 0.00004 mm represented the lower limit 
of analysis for which the specific surface was calculated. 

The object of studying the values of the specific surface in rela- 
tion to percentages of particles below various limits was also to es- 
tablish the size to which the analysis should proceed in order to 
make a reasonable estimate of the specific surface. Thus if the 
specific surface up to 0.00004 mm could be correctly estimated from 
the clay percentage below 0.002 mm it would not be necessary to 
analyze down to 0.00004 mm to evaluate the specific surface. The 
results of the correlations are given below. Ninety-five sets of val- 
ues were Included in these correlations. 

1. Correlation coefficient 


between SS and P^ (<0.002 mm) » 0.7926 s r^ 


^2 

(< 0.001 mm) s 0.8522 - T 2 


(<0.00063 mm) » 0.8788 3 r 3 

P 4 

(<0.00004 mm) » 0.9728 3 

Formulae: 


(i) SS - (3.36Pj 

(ii) SS - (3.89P2 

(ill) SS - ( 4 . 3 OP 3 

(iv) SS = (13.51P, 

+ 0.S7) X 103 
+ 0.71) X 103 
+ 1.57) X 103 
j + 17.37) X 103 
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The followir^ conclusions maybe drawn from these correlations. 
The reliability of estimation increases as the percentage oi parti- 
cles of decreasing sizes in the region of ultra-clay are considered. 

It is found by testing the differences between r^ and r2 and r^ 
that they are not significant, but that r^ is significantly greater than 
all of them. It appears that in estimating SS it is necessary to go 
down to the least size included in SS calculations in order to get the 
best estimate. This is because the smallest sizes are usually the 
biggest contributors to the value of SS. 

If the ultra- clay percentage below 0.00004 mm (P^) is known, then 
the specific surface can be estimated from the relation 

SS = (13.51^ + 17.4) X 103 

This relation affords a convenient method of estimating the speci- 
fic surface of soils. The values of specific surface of a number of 
soils as determined by this method are included in Table 34. * The 
agreement between the values obtained by the three methods Is fair- 
ly close. 

It will also be seen from Table 34 that the values of specific sur- 
face for some of the soils are of a much higher order than those 
obtained by other workers for similar soils. This is evidently due 
to the fact that mechanical analysis in the present case has been 
pushed to much lower limits of particle size. 



CHAPTER XV 

PHYSICAL CHARACTERISTICS OF SOILS RELATED TO 

MECHANICAL ANALYSIS 

A knowledge of the physical characteristics of soils is essential 
from the point of view of soil mechanics. Road engineers have de* 
veloped for some of the more imporUnt physical properties a num- 
ber of tests such as plastic limit, sticky limit, shrinkage limit, 
plasticity, index, etc. These tests, though helpful in the quasi-sclen- 
tlfic technique of the practical workers, are hardly suited to the ad- 
vancement of fundamental knowledge. 

Of all the physical characteristics of soils associated with their 
mechanical composition those related to cohesion and resistance to 
impact appear to be of major importance. A study of these has 
thrown considerable light on the influence of various factors on the 
physical properties of soil. 

Measurement of Cohesion 

Cohesion is the resistance offered by the soil to any force tending 

to break it. Itisgenerally measured by applying an increasing force 

on a rectangular or cylindrical block of soil until it breaks. The 
disrupting stress is applied by a wedge which is forced in by the 
help of suit^le weights. AlternaUvely, a direct pull is applied to a 
molded rod of the soil until it breaks. 

The difficulty in measurii^ cohesion in dry conglomerates is due 
to the unavoidable irregularities Inherent in soil make-up and a 
lack of control of conditions affecting this property. In fact, the re- 
sults obtained are usually of comparative value only. There is 
something Inherently defective in measuring modulus of rupture by 
forcing a wedge into a dry prism of soil, and reproducible results 
can only be obtained under strictly controlled conditions. 

The apparatus used for cohesion testing has certain unusual fea- 
tures and has given uniformly consistent and reproducible results. 
It consists of a spring balance (a personal weighing machine is very 
suitable) mounted in a framework. The latter carries a threaded 
rod that can be moved up or down by turning a wheel. To the lower 
end of this rod is attached an iron cylindrical piece with a 1-inch 
steel ball fastened to it The ball has a hollow coupling so that it 
can be made to press against the test piece without rotating when 
the threaded rod is brought down by turnii^ the wheel. 
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An important part of the equipment is the brass mold which gives 
a semi- spherical pellet of soil of 1 inch diameter. It consists of 
two pieces which, when put together, exactly fit each other to give 
a round cavity of 1 Inch in diameter and half an inch deep. The soil 
under test is moistened with water to the sticky point and filled in 
the cavity, the edges being smoothed with a moistened finger tip. 
The mold is then split by pullir^ one portion vertically downward. 
This is important because a per feet mol disnot obtained if the puUli^ 
is done sideways, or with a twisting motion. Once the technique is 
mastered, soil pellets can be turned out by the dozens in a short 
time. The soil pellets are air-dried and tested by placing under the 
threaded rod with the flat side downward. When the wheel is turned 
the steel ball presses against the pellet with increasing force (in- 
dicated on the spring balance) until It breaks. There is a slight 
movement of the spring balance needle backward when this occurs, 
but there is no difficulty in locating the exact weight at which the piece 
breaks. A dozen pellets are generally tested for each soil and the 
mean value taken. A great feature of the method is the small quan- 
tity of soil required for the test and the uniformity of the stresses 
and strains involved. 

Measurement of Impact Resistance 

Resistance to impact can be measured by finding the Brinell 
hardness number, which is well known as a standard test for metals, 
especially steel. A hardened steel ball is pressed Into the plane 
surface of the test piece by means of a "ball pressure press”. The 
load is measured and removed, and the diameter of the circular 
impress ion deter mined with the he Ip of a microscope or pocket lens. 
If £» Is the diameter of the steel ball and d the measured diameter 
of the circular imprint, and h the vertical distance through which 
the steel ball had sunk, the area of the curved pressed surface Is: 

4 = Oh » l/2nP(/> Vo 2 
Then if w is the applied load, we have 

fit, = 

Is called the Brinell hardness number and Is usually expressed 
in kilos per square millimeter. Some numerical values for Brinell 
hardness number, may be given by way of illustration and for 
comparison with soils. 

kg/mm2 

Vulcanized fiber. 7-16 


Zinc ..50 

Copper 60 

Steel 150-300 

Soil 0.3 - 3.0 
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The same apparatus Is used as ioT soil cohesion, with the 
flcation that the lower wheel is marked into 200 divisions. There 
is also an upr^ht brass piece which indicates the complete turns 
of the wheel; thus any fracUon of a turn can be indicated. The soil 
under test is brought to the sticky point and filled in a brass ring 
1 to 8 cm long and 3 to 5 cm in diameter and allowed to dry. The 
soil block, on drying, falls out on account of shrinkage. It is then 
tightly held in a special clamp used for fixing rubber hose onto the 
iron pipes in automobiles. 

The steel ball, which has a diameter of 8 millimeters, is soldered 
onto an iron rod which can be attached to the lower en)iof the screw 
in the cohesion apparatus, in such a way that when the wheel Is ro- 
tated the ball moves downward but does not turn. 

The zero reading of the instrument is taken by pressing the steel 
ball against the sprif^ balance and giving one complete turn to the 
wheel. This moves the ball by 4 to 8 millimeters (this will vary ac- 
cording to the pitch of the screw) and the spring balance indicates a 
certain weight (31.5 kilograms in this case). The clamped soil 
block is then placed on the balance after releasing the pressure, the 
steel ball brought against it, and the wheel again given one turn. A 
portion of the steel ball sinks into the soil and the spring balance 
records a smaller weight. The wheel is then gradually rotated fur- 
ther until the spring balance records the same weight as it did without 
the soil block. This extra turn represents the distance (h) through 
which the steel ball has sunk into the soil block. Since one full turn 
indicates a distance of 4 to 8 millimeters, the depth of the depres- 
sion could be measured directly with an accuracy of approximately 
one -fiftieth of a ml 111 meter. This accuracy could be easily doubled, 
but this is not necessary for soil work. 

We have seen that the Brlnell number equals W/A. As w is 
constant in all tests and A is equal to when d is the diameter of 
the steel ball and h is the depth of the depression (given by the extra 
turn) we have 


a »/D X l/h » k/h 

K is determined once for all for a particular instrument and 
values are obtained by simply dividing a constant factor by h. The 
value of K for the instrument used was 1.21. 

To illustrate the use of the apparatus and to show the relationship 
between various measurements, the cohesion values and the Brinell 
numbersof 18 soils were determined. The influence of clay is illus- 
trated by the following correlation coefficients between the various 
measurements. 


Clay per cent and cohesion values...... 0.97 

Clay per cent and Brinell numbers.. ..0.90 

Cohesion values and Brinell numbers 0.90 



326 


MECHANICAL ANALYSIS OF SOILS 


The cohesion testing apparatus having given uniformly consistent 
results, it was adopted for studying the Influence of various factors 
on this property. 

Influence of Clay 

Clay is the most important constituent of soils, for it acts as the 
binder and is almost entirely responsible for the cohesion in dry 
soils. The magnitude of the force of cohesion must depend on the 
points of contact between the particles. Obviously, the smaller the 
particles, the more numerous are the points of contact In a given 
weight of the most closely packed soil. This pertains, of course, 



Fig. 27. Relation between Cohesion and Clay In Silt and Sand 

only to spherical particles, but the argument will not be materially 
affected in the case of sand particles of irregular shape for pur- 
poses of comparison. Clay acts like glue in binding the particles 
together, and this cementij^ action is influenced by the size of the 
particles. 

The effect of increasij^ amounts of clay on the cohesion in silt 
(average diameter 0.0764 mm) and sand (average diameter 0.2567 
mm) was studied (Figure 27). It will be seen that the cementii^ 
action for a given percentage of clay is greater in silt than in sand, 
though the maximum value is the same in both cases. Another point 
worth noting is that beyond a certain limit, further additions of clay 
do not increase cohesion. This condition is evidently reached when 
all the spaces between the larger particles have been filled with 
clay, so that any further increase merely pushes these particles 
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apart » in which case we are, in fact, dealing with cohesion be^een 
clay particles which have completely enveloped the larger particles. 
It is obvious from these results that a much larger amount of clay 
binder will be required for sand than for silt to attain maximum 
strength. Therefore, to save as much of the valuable binder mater- 
ial as possible, the voids between the larger particles must be filled 
with smaller particles of a gradually diminishing size which Inci- 
dentally is the basic principle of soil grading. 

To obtain fuller information on the exact relation between the size 
of particles and changes in cohesion due to the addition of clay, sand 
and silt, particles of various sizes were separated by means of the 
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Fig. 28. Effect oi Size and Percentage of Particles (Sand) on Cohesion of 

CUy Soil 

Puri siltometer and beaker sedimentation, respectively. Increasing 
amounts of clay were added to the various fractions and cohesion 
was measured. The clay was from an alluvial deposit containing 89% 
of particles below 0.002 mm diameter, and only 5% above 0.02 mm. 
It was not considered necessary to separate the conventional clay 
fraction, and all of it was taken as clay for purposes of comparison. 
The results (Figure 28) show that cohesion for the same percentage 
of clay rapidly falls as the particle size increases to a limit, be- 
yond which the effect of particle size becomes negligible. 

Another interesting point brought out in these results is that the 
maximum cohesion of 100% clay is of the order of 38 kg. This val- 
ue is by no means the maximum for clays of different types. In 
fact, many soils containing much less clay show higher values. It 
is for this reason that the relation between clay and cohesion in 
natural soils is only qualitative. 


mechanical ANALYSIS OF SOILS 

EHect of Hygroscopic Moisture and Nature of Salotd 

The effect of moisture on soil cohesion has been studied chiefly 
In the wetter regions, where it is entirely accounted for by the sur** 
face tension of the liquid films of decreasing thickness which draws 
the particles closer and closer. Zn the regions of hygroscopic 
moisture, drying or wetting leads to very little chaise in volume 
of the soil as a whole, and consequently the limit of compactness 
has been reached and toe particles can draw no closer together on 
further drying. This region, therefore, seems to have presented no 
point of interest, and Information regarding it is confined to a few 



Fig. 2d. Effect of Moisture on Cohesion in Various Single-Base Soils 

isolated observations. The enormous change in cohesion due to the 
drying of the hygroscopic moisture leads to the conclusion that be* 
yond a certain degree of wetness the cohesive forces in soils are 
partly molecular, and therefore may be associated with the nature 
of toe saloids in the clay complex. 

The Influence of the nature of the cations In soil saloids, as well 
as hygroscopic moisture was studied on sli^le-base soils by first 
r e moving all the exchangeable bases by 0.05NHC1 treatment and then 
adding hydroxides of various metals. The soils were oven* dried and 
then gradually allowed to take up moisture from atmospheres of dif- 
ferent humidities in vacuum desiccators for 72 hours. In the soils 
to which NaOH and Ca(OH)2 had been added, toe relation between 
moisture and cohesion was also studied by gradually drying the soils. 
The results are plotted in Figure 29, from which the following con- 
clusion may be drawn. 

(1) The effect of the nature of the cations on soil cohesion is 
maximum when the soil Is dry. The absorption of moisture leads 
to a narrowing of the differences due to Ions, which become negli- 
gible when the soil is in equilibrium with 90% relative humidity. 
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(2) The order of cohesion for the dry soil follows the generally 
accepted order of dissociation for these ions. 

(3) The relation between moisture content and cohesion Is sub« 
stantiallythe same, whether the soil Is gradually dried or rewetted. 

(4) The greater cohesion In Na and Li soils in comparison with 
other single-base soils may be due to a stronger bond between the 
dissociated ions, or it may be caused by the enhanced dispersion of 
the clay particles. For Instance, as shown before, in Na and Li 
soils, the dispersion of clay is much greater than in the case of 
other ions. The high dispersion would result in a larger number of 
points of contact, and the cohesive forces would be greater. The 
latter view is probably the correct one, for if the soil is first com- 
pletely dispersed and then converted into a H soil by acid treatment 
and different ions are introduced as hydroxides without allowing the 
soil to dry, the cohesion Is enormously increased over that of un- 
dlspersed soil. This will be seen from Table 35, in which the effect 
of exchangeable ions on dispersed and undlspersed soils is com- 
pared. The cohesion was measured on the dry soils. 

Table 36. CohMlCQ Of toll u affected bf varloua 
lofta, tajr diapereton, tad bf resiaklaf of brokeo 
peUeU 


lOM 

1 Uiuliaoaratd soil 

DIepereed toll 

Original 1 

kgBi. 

Remade 

pellet 

kgm. 

Origtaal 

pellet 

kgm. 

Remade 

pellet 

kgm. 

u 

38.3 

40.1 

44.S 

54.6 

Ka 

23.8 

83.8 

40.6 

46.3 

K 

16.8 

16.1 

33.6 

26.3 

Mg 

16.0 

15.8 

33.1 

32.6 

Ca 

14.1 

11.4 

87.6 

31.2 

Sr 

10.6 

18.6 

30.0 

26.1 


6.1 

12.6 

85.6 

26.6 

H 

6.0 


83.8 

21.1 


The effect of cations even in the dispersed soils persists. This 
would seem to indicate that apart from the state of dispersion the 
cations may have a specific effect. It was noticed, however, in the 
study of the ultramechanical analysis of soils ^at although the 
amount of conventional clay in a dispersed soil was the same what- 
ever the nature of the cation introduced, this was not true of parti- 
cles finer than clay, which showed a higher percentage in the case 
of Li and Na ions. These finer particles would easily account for 
the greater cohesion In Na and Li soils. 

The effect of pH value on the cohesion of single-base soils was 
next studied by adding increasing amoimts of the various hydroxides 
to a H soil (Figure 30). The high cohesion of Na and Li soils is 
again brought out. It is seen that in the case of Na and K the cohe- 
sion reaches a maximum value, beyond which further additions of 
alkali result in lowerii^of the cohesion. Li ions, on the other hand, 
show no such falling off in cohesion. The difference is most prob- 
ably due to the flocculating effect of NaOH and KOH, an effect which 
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is absent in the case of LIOH. It might be mentioned that floccula- 
tion at these concentrations of NaOH has not been observed in sus- 
pensions; but at low moisture contents at which the cohesive forces 
come into play, the concentration of the Na ions might easily go 
high enough to cause flocculation. 



Fig. 30. Effect of pH Value on Cohesion of Soil with Various Ions 


Table 33. Effect of CaClj on the cohesion 
of soClum soil 


CaCk per 100 gm. toil 

Bl.C. 

Cohesion 

kgzn. 

0 

32.0 

2 

23.4 

4 

24.5 

3 

24.5 

8 

20.7 

to 

13.0 


The effect of flocculation with CaCl2 on cohesion of a Na soil was 
also studied. The soil was first completely dispersed by shaking 
with Na2C03-NaOH, and then increasing amounts of CaCl2 were 
added to the suspension until flocculation was observed. It must be 
understood that the flocculation value of the suspension may not 
correspond tothatof the soil at low moisture content The decrease 
in cohesion, therefore, could be expected to have occurred before 
flocculation was observed, when 6 m.e. of CaCl2 was added. The 
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results given in Table 33 show that the presence of CaCl 2 causes a 
substantial reduction in the cohesion of the dry soil* 

The effect of calcium sUicate on the cohesion of the soU “^st oe 

distinguished from that of other salts. In ‘J'®, f*®^**® 

negligible up to 3% and then becomes pronounced (Table 37). very 
likely the enhanced cohesion results from the slow forma^n of 
calcium silicate, In which case we are not dealing wito the cohesion 
of the soil but with that of crystals of calcium silicate. 

l^ble Effect of f resblj prectpiUted 

ekUeate on soli coheoloo 


Calcium sUlcaU 
per cent 

CohceioB 

0 

IM 

1 

IM 

2 

17.3 

i 

17.7 

4 

32.0 

s 

44.0 


TabU M. Effect on ceheolon of hestlaf eoUi et differeat 
teaperabires 


Nature cf 
Cation 

1 CntieeloQ Item. 

Ha804 
Iff led 

180®C. 

300®C. 


m 

700®C. 

0OO®C. 

Na 

24.2 

14.0 

11.8 

14.8 

10.1 

10.1 

24.0 

K 

16.0 

10.0 

7.4 

8.2 

9.8 

0.6 

13.0 

Ms 

11.6 

8.4 

4.1 

8.4 

6.0 

6.0 

10.0 

Ca 

8.2 

8.0 

3.8 

4.1 

8.0 

8.0 

7.3 

B 

8.4 

4.0 

3.2 

3.2 

3.7 

4.1 

6.4 


Table 3». aatect ot aolnaaee on tbc cohealoo 
of Na* and Ca-aolla. 



Cobealoa kfnt. 

MoliMta 

per ceat-» 

0 

1 

2 

3 

Ca-SoU 

23.0 

10.0 

28.0 

12.3 

43.2 

21.0 

41.8 

20.4 


The effect of driving off the water of constitution on the cohesion 
of soils was also studied by heating single-base soils to various 
temperatures for four hours. The results (Table 38) show that co- 
hesion first decreases and then increases. The decrease is very 
likely due to the destruction of the colloidal surface, resultii^; in a 
certain amount of contraction and reduction In the points of contact 
The Initial dehydration is followed by the fusion of the silicates, 
resulting in an increase in cohesion. It is a remarkable fact that 
the cohesion of the dry soil is as great as that of the same Soli ig- 
nited at fiOO^C. 

In view of the importance of molasses in the stabilization of dirt 
roads, its eHect on cohesion was studied in some detail. Increasing 
quantities of molasses were added to a Na and a Ca soil and cohe- 
sion was measured after drying over H 2 SO 4 . The results (Table 39) 
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show that both soils give increased cohesion with molasses. The 
maximum value is reached with 2% of molasses, and further increase 
apparently has no effect The high cohesion values for the Na soil 
as compared to the Ca soil are noteworthy. 

To determine whether the enhanced cohesion of the dry soil is 
lost on rewettlng, the Na and Ca soils contalnij^ 2% of molasses 
were re wetted in atmospheres of increasing humidities and the co- 
hesion was determined after the pellets had reached a state of 
equilibrium with moisture. The results (Table 40) show that cohe- 
sion decreases on rewettif^. 

To explain the binding forces between clay particles in a soil 
crumb, Russell has put forward the hyi)o thesis that the particles are 
held together by oriented molecules of a polar liquid. These polar 
molecules are supposed to lie between negative charges on the clay 
surface and the exchangeable cations that have dissociated from It, 
and are strongly orientated in the electrostatic field between these 
charges. The following objections to this hypothesis may be raised. 


Tabu 40. 0«er«M« In eob««i» on ol aoU cootalaiAf 

2 par CMt moUaaaa 




Rumldicy p«r ctnt 

0 

10 

30 


70 

66 


Sl.ft 

36.0 

36.2 

2M 

16.4 I 

6.4 

Cft-aoil 

39.4 

23.0 

20.0 

16.2 

11.6 

6.4 

vlUi c«mto( 

14.2 

2S.4 

16.3 

14.5 

12.3 

Lio 


Soft crumbs are given only by those liquids in which soil will not 
disperse, and without dispersion the colloidal clay which acts as 
binder cannot be released. For the forces of cohesion to come Into 
play, the substance should be either in solution or in a fine state of 
subdivision in such a way that the residue left on evaporation is 
amorphous. It is for this reason that gum or glue behaves as an 
excellent binder. None of these substances would show any binding 
property if the liquid used did not act as a solvent or a dispersion 
medium. The Important consideration is whether a substance can 
dissolve or disperse in a liquid and not whether the latter is polar 
or nonpolar. Certain resins dissolved in nonpolar liquids yield ex- 
cellent binding material on drying. 

If the soil is completely dried, the binding link due to the orien- 
ted molecules of the dispersion medium must break down and the 
soil fall to a powder; but this does not happen. The soil colloids be- 
have like weak electrolytes, and the proportion of cations dissoci- 
ated is very small compared to the total base (hardly 1%). Any ef- 
fect due to the orientation of dissociated ions, therefore, would be 
slight. Further, in accordance with the general behavior of weak 
electrolytes, the number of dissociated ions must decrease as water 
evaporates and the solution becomes more concentrated The loss 
of moisture therefore must result in a decrease of cohesion— a 
conclusion contrary to fact. 

In view of the enormous increase in cohesion when the last traces 
of water are removed from soil, any explanation based on the orien- 
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tation of water molecules is untenable. Not only Is the actual 
amount of dissociated ions in a soil small, but in the presence of 
evens small quantity of an electrolyte it becomes almost negligible— 
an amount which would produce no effect on cohesion. It would 
be a mistake to consider the soil surface as consisting only of dis« 
sociated ions. The titration curves of soil suspensions, the changes 
in conductivity due to dilution, and the rapidity of base-exchange 
reactions, all point to the fact that the system soil-water is like a 
homogeneous solution --homogeneous in the sense that the water 
phase under equilibrium conditions has the same concentration of 
dissolved cations throt^hout its entire mass, and in a given sys- 
tem a definite proportion of the cations is dissociated in accordance 
with the law of mass action. 


41. oi eoUoldftl MbacucM os cokookoe ot ooU 


Riet ttucK 1 

1 Sto ttUk ] 
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On» anb 1 < 
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AnOUAt 
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ABOUBt 

CcbiBkce 
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kffii. 

tt. 
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0«re4at 

Mm. 
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kcB. 

0 

21.1 

0 

21.1 

0 

21.1 

0 

21.1 

1 

27.0 

10 

24.6 

1 

26.2 

0.26 

46.1 

a 

M.6 

20 

22.1 

2 

40.0 

0.6 

66.2 

a 

66.0 

20 

22.2 

2 

42.6 

0.76 

67.7 

4 

72.4 

40 

26.4 

4 

61.0 

1.00 

60.6 

1 

76.0 

60 

26.6 

6 

60.0 

1.80 

60.6 


The exact mechanism of the enormous increase in cohesive 
forces in soils on drying can be visualized by supposing that the 
minute interstices between the particles are filled not with water 
but with a suspension of colloidal clay, which binds the particles to- 
gether on drying very much like a solution of gum. It will be shown 
later that the relation between moisture content and relative humid- 
ity can be accounted for by the supposition that, as the soil dries, 
the interstices between the larger particles are emptied and the 
moisture gradually recedes into the interstices between smaller and 
smaller particles. The enormous increase In cohesion when the 
last traces of water are removed is easily understood. 

If we accept the hypothesis that colloidal clay acts like glue in 
binding the larger particles, it would follow that other colloidal sub- 
stances like egg albumen, gum, rice starch and even skim milk 
would enhance soil cohesion. The action of substances like sugar 
and molasses that leave an amorphous residue can also be visual- 
ized on a similar basis. In Table 41 are recorded the cohesion val- 
ues of a soil to which increasing amounts of colloidal substances 
have been added. The cohesion is more than doubled in the presence 
of 5% egg albumen and more than trebled in the presence of a like 
percentage of rice starch or i%of gum. The effect of skim milk is 
not so pronounced. 

Reversibility of Cohesion 

A problem of great practical importance is the reversibility of 
cohesion. As regards the relation between cohesion and hygroscop- 
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ic moisture » the reversibility appears obvious. Beyond the slight 
hysteresis effect, the cohesion increases on dryli^ and decreases 
on wetting. The point is of considerable importance in water -stabil- 
ized dirt roads. The effect of remaking the semi-spherical pel- 
lets after breaking them was studied with single- base soils, in both 
the dispersed and the undispersed state. The results given in Table 
33 show that there is virtually no difference in cohesion between 
the original pellet and the pellet that is powdered and remade into 
the same shape for test The difference between the cohesion values 
for dispersed and undispersed soil has already been referred to, 
and it is noteworthy that the dispersed soils maintain these h^her 



values on remaking. It must be emphasized that the nature of the 
replaceable base is important only indirectly, insofar as it Is re- 
sponsible for deter mining the state of dispersion of the soil colloids. 

Another aspect of the reversibility of soil cohesion which refers 
to stabilized soils, and which is even more important from the prac- 
tical point of view, is the question of how far it is possible to re- 
store the cohesion of a soil with water alone after its mechanical 
breakdown, ^viously substances that are normally Insoluble in 
water and are applied in the form of an emulsion cannot be expected 
to fall into this category. Soluble substances like molasses, on the 
other hand, could possibly be brought to the same state of subdivi- 
sion and intimate mixture with the soil, and the original cohesion 
restored after a mechanical breakdown. The possibility is not re- 
mote, however, that molasses may become oxidized and disappear 
partly or wholly in the course of time. The irreversibility of soil 
colloids other than those containing Ka saloid would also be an im- 
portant factor. 

Pellets of a soil stabilized with molasses were broken and remade 
several times, cohesion being recorded each time. It will be seen 
from Table 42 that the high values of cohesion with molasses are 
maintained when the pellet is broken and remade. The possibility 
that repeated alternate wetting and drying might lead to a deteriora- 
tion of the cohesive bond imparted by molasses was also studied. 
Soil stabilized with molasses was subjected to alternate dryii^ and 
wetting by storing over a range of 10 to 90% humidities, cohesion 
being measured after a definite number of cycles. The results, in- 
cluded in Table 42, Indicate that alternate drying and wetting does 
not alter the cohesive forces. 








CHAPTER I 


INTRODUCTORY 

The majority of investigators of soil moisture concerned them- 
selves with Its distribution and movement in the liquid state* Its 
absorption from the vapor phase received very little attention until 
much later* Whereas in studies of movement and distribution of 
water, the total interstitial space is operative, the vapor pressure 
of soils at different moisture contents Is very largely controlled 
by the minute pores associated with the colloidal portion, and the 
larger voids have comparatively little influence. For Instance, it 
can be shown that particles of O.Odl mm diameter will have inter- 
stitial pores of such dimensions that they will not absorb any 
moisture from a humid atmosphere unless the relative humidity Is 
as high as 99.5%. It might be pointed out that in soil literature, 
particles of this site are classed as colloidal clay, which may 
constitute anything from 9 to 50% of the soil. However, this has so 
far been considered as the lower limit of particle size in soils and 
not much attention has been paid to still smaller particles. It is 
clear that if the conventional clay consisted of particles of 0.001 
mm diameter only, moisture absorption from the vapor phase 
would cease to interest us as far as the soils are concerned. 
However, the existence of particles smaller than 0.001 mm is 
proved not only from the fact that soils can absorb moisture from 
humidities as low as 10%, but by pushing the mechanical analysis 
to the region of ultra-clay. 

The mechanism of moisture absorption by soils and other po- 
rous bodies may be explained on the basis of any one of the follow- 
ing current hypotheses: 

(1) Capillar y condensation : According to this hypothesis the 
vapors are condensed as bulk liquid in pores as a result of the 
lowering of vapor pressure brought about by surface-tension effects. 

(2) Monomolecular adsorption : The essential feature of this 
hypothesis is that adsorption takes place by residual chemical 
valencies and is confined to molecules or atoms that are In actual 
contact. 

(2) Hypothesis of a thick, compressed film : This postulates 
long-range attractive forces extending out from the surface of a 
solid. The adsorbed film in immediate contact with the adsorbent 
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is considered to be under enormous pressure, which decreases as 
the distance from the surface increases. This hypothesis Is not in 
accord with the current theory of atomic structure and the exis* 
tence of long-rai^e forces of attraction has not been proved inde- 
pendently in any convincing manner. 

(4) Multilayer adsorption : This hypothesis is used to explain the 
building up of thick films on a plane surface exposed to saturated 
vapors. If the mono molecular layer is formed by residual valen- 
cies of the solid surface, there is nothir^ to prevent the mono- 
molecular layer already formed from exercising a similar func- 
tion and attracting another monomolecular layer of the same sub- 
stance. This process of reasoning could be continued until the 
actual number of layers found has been reached. 

The implications of all these hypotheses have been discussed by 
McBaln, who has rejected the hypothesis of capillary condensation 
except at high humidities. The main difficulty appears to have 
been the extremely low values for the diameters of the capillaries 
required for condensation at low humidities. There is, however, 
a good deal of misconception as to the mechanism of capillary 
condensation. For instance, while dealing with sorption by char- 
coal, McBain has argued as follows: *ln the first place the hypo- 
thesis of capillary condensation would necessitate the assumption 
that the pores In the charcoal were all of uniform diameter, that 
Is, equivalent to one long cylinder.* 

This is typical of the common belief that capillary condensation 
implies the existence of bundles of tubes In porous bodies. Nothing 
could be farther from the truth. Not only is such an assumption 
contrary to the geometry of the primary particle from which all 
porous bodies must be supposed to have ^en built, but a bundle of 
capillaries of uniform diameter would ill accord with the well- 
established relationship between the relative vapor pressure and 
moisture content of porous bodies. 

On examlnir^ moisture and humidity relationships in a vast 
number of soils we could not help being struck with the remark- 
able similarity of the isotherms, irrespective of the nature and 
origin of the soil. This study, when extended to other porous 
bodies Uke charcoal and artificial aluminum silicates, brings out 
the still more remarkable fact that the absorption of vapors by 
soils and all other porous bodies from atmospheres of different 
relative vapor pressures can be represented isotherms which 
are exactly similar, irrespective of the nature of the absorbent or 
absorbate. On the face of it any chemical theory would appear out 
of the question. It certainly could not fit in with any monomole- 
cular layer hypothesis - chemical valence, residual or otherwise. 

One of the most serious difficulties in the study of all absorp- 
tion phenomenon has been the uncertainty about the surface of the 
adsorbent. There is no way of determining the true specific sur« 
face of a body by independent means. The act of adsorption should 
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not be made use of for calculating the surface, though this has been 

done with disastrous results, ^ * 

Soils present a novel method of attack on the general problem ot 
moisture absorption by capillary systems, for they offer an 
sorbent which admittedly consists of particles of all sizes, me 
size distribution of the particles can be determined with reason- 
able accuracy by the methods of mechanical analysis familiar to 
soil workers. From this, not only can the size distribution of the 
pores be found, but the total surface can be estimated by assuming 
a roughly spherical shape for the particles. From the size distri- 
bution of the pores the entire relation between relative vapor 
pressure and moisture content can be theoretically worked out. 
On the other hand, from the moisture absorption at different humi- 
dities the size distribution of the interstitial pores can be calcu- 
lated, and from the solid geometry of the particles, assuming them 
to be roughly spherical, the complete mechanical analysis of a 
soil can be calculated and verified by direct determination by any 
of the well known methods of mechanical analysis. 

Soils are reactive bodies and we have at our disposal some ex- 
cellent methods of estimating their chemical reactivity, assuming 
them to be weak electrolytes behaving as weak insoluble acids 
when freed from bases. Since the chemical reactivity must ad- 
mittedly be a property of the surface, there are three independent 
methods of checkir^ up the total surface of soils, namely, direct 
mechanical analysis, moisture absorption from atmospheres of 
different humidities, and the chemical equivalence of the acidoid, 
assuming the surface to behave as such. This method of attack has 
furnished comprehensive and conclusive proof of the mechanism of 
moisture absorption as being due to capillary condensation brought 
about by surface-tension effects. 

The subject of adsorption in general is vast and has been dealt 
with in a number of li^ks on colloidal and surface chemistry. 
McBain’s volume, *The Sorption of Gases and Vapors by Solids* 
gives a comprehensive survey of the subject and a verdict against 
the hypothesis of capillary condensation. 

In this section we shall deal with one aspect of the subject, 
namely the absorption of water vapors primarily and vapors of 
organic liquids incidentally. Facts as discovered are best inter- 
preted by the hypothesis of capillary condensation. The absorption 
of gases has not been touched. However, the distinction between 
vapors and gases is not very sharp, and if it could be proved abso- 
lutely beyond a shadow of doubt that all moisture down to the last 
trace is held by the same mechanism, the work on the absorption 
of gases would be viewed in a new light. 

One significant fact might be mentioned in this connection, 
namely, the sudden increase in the adsorption of a gas when the 
temperature is lowered below the critical point. In view of the 
enormous pressures developed in micro -capillaries, the condensa- 
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tion Of the gas to the liquid state is not an impossibility. Another 
point worthy of note is that the significance of moisture already 
present in the adsorbent has not been generally realized* Jn view 
of the enormous Increase of solubility of gases in water under 
pressure, the possibility of the gas dissolving in the water held In 
minute capillaries is not at all remote. This aspect of the question 
has been dealt with in a separate chapter on the absorption of COo 
by soils at different moisture contents. 

One apparently strong argument against capillary condensation 
is the adsorption on a plane surface, which could be supposed to 
take place as a monomole cular layer by residual chemical forces. 
But, strictly speaking, is there such a thing as a plane surface? If 
we had a microscope that could reveal depressions of molecular 
dimensions, what a surface we would seet Why not condensation In 
the space lattice and molecular depressions ? The author believes 
that adsorption from solution has nothing in common with adsorp* 
tion of vapors and that the two phenomena must be treated quite 
separately. Attempts to consider them as something similar have 
led to a vast amount of confusion in dealing with the phenomenon of 
adsorption in general. This mental attitude is mainly the result of 
a general similarity of the 'adsorption isotherms* in the two 
cases. In fact, the existence of the adsoiption isotherm In every 
reaction has been considered sufficient evidence in support of the 
role of adsorption - so much so that admittedly chemical reactions 
have been ascribed to adsorption. This has not led to any useful 
generalizations, but has tended to make the confusion worse. 



CHAPTER n 


SINGLE VALUE CONSTANTS EXPRESSING SOIL 
MOISTURE RELATIONSHIP 

Water being the most important factor for the growth of crops, 
attempts have been made from early days to find easily determined 
equilibrium points that would define the property of the soil with 
respect to Its power to hold water. These are described below. 

Normal Moisture Capacity 

This term was introduced by Shaw. It is defined as the minimum 
amount of water that is retained by absorption and film forces when 
water is free to move downward trough a mass of uniform soil. 

It is determined by packing the slightly moistened soil (first 
passing it through 1-mm sieve) in a *I^rex* glass tube 20 inches 
long and 2 Inches in inside diameter. The soil is packed to a depth 
of 16 Inches. The tube is provided with two rubber stoppers having 
capillary openings, which serve the purpose of equalizing the air 
pressure and preventing loss of water by evaporation. The soil 
column is wetted from the top by the addition of distilled water 
drop wise from a burette, taking care that it is not flooded at any 
time. The soil surface is covered with a fine screen to prevent 
puddling. The addition of water is stopped when the soil column 
has been wetted to a depth of about 16 inches within a week after 
its addition. 

To secure a numerical value for the ^normal moisture capacity*, 
the average moisture content of the nearly uniformly wetted por- 
tion of the soil column is taken. In obtaining this average, the 
moisture value for the first one or two inches of the soil is re- 
jected. U a single value is to be taken, the moisture content of the 
middle portion is quite enough for the purpose. The normal mois- 
ture capacity would depend on the method of packing or sampling, 
on the size and length of the soil columns, and on the time allowed 
for moisture distribution. It is, therefore, not a fundamental con- 
stant for the soil, though it may give a rough indication of the 
moisture profile in a soil after rain or Irrigation. 

Field Capacity 

Closely allied to normal moisture capacity is the field capacity- 
the moisture content of a soil, determined usually from 1 to 5 days 
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after a rain or an application of irrigation water. In sub- humid 
regions where there is usually a dry layer below the wetted portion 
of the soil, the moisture conditions are comparable to those re- 
quired for determining normal moisture capacity. In humid re- 
gions naturally the conditions are different. 

The Sticky Point 

The sticky point is defined as the moisture content of a drying 
clay paste when it just fails to stick to the filers or to a nickel 
spatula drawn across the surface. Keen and Coutts, who made this 
determination very popular, advocate spreading a wetted 10-gram 
soil sample on a glass plate with a spatula, and then kneading the 
sample by hand until the soil no longer sticks to the hands or a 
spatula drawn through it. There are a number of variations in the 
technique formulated by individual workers. Whatever sticky point 
technique is used, it is generally possible to obtain satisfactory 
duplication of one’s own results without difficulty. It is also poss- 
ible to secure satisfactory checks by those personally instructed 
by a worker, but not otherwise. 

The main difficulty about this determination is the personal 
factor, which can be eliminated only by some sort of mechaniz- 
ation. Olmstead has described a simple mechanical device for the 
purpose. It consists of a polished steel roller horizontally held In 
plain brass bearings, separated far enough for a brass plate to 
slide between them. The sample under test is mixed with water on 
the plate and fed against the roller, which is rotated in the direc- 
tion that forces the soil paste underneath it. The desired end point 
is attained when the soil barely fails to stick to the roller at a 
shearing speed of 5 cm per second. The moisture content is then 
determined by drying at 100 to llO^C. This method appears to 
offer a more satisfactory basis for a standardized precedure than 
any of the other methods in use. However, the shearing speed, the 
size of the roller and the clearance between the roller and the 
plate must be arbitrarily fixed and specified. The value and use of 
the information furnished by this determination is not yet certain. 

Liquid Limit 

The liquid limit is defined as the moisture content at which 10 
light shocks produced by striking the dish containing the wet 
sample against the hand will just close a groove made in the soil. 
A mechanical method can be used for the purpose. The apparatus 
consists of a brass dish and cam mounted on a hard rubber block 
and arranged so that the divided soil cake can be subjected to 
shocks produced by the fall of the dish through a constant distance 
and at a specific rate. With this apparatus the number of shocks 
required to close the groove in the soil at different trial consisten- 
cies can be determined. The relation between shocks and moisture 
content is plotted to form what is known as the flow curve, which is 
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a straight line on a semilog plot expressed by 

F 

log M 


in which w is the moisture content at Jf shocks, ft is the moisture 
content at one shock, and r is known as the flow index. 

The working conditions are all arbitrarily chosen and must be 
strictly adhered to for reproducibility. 


The Plastic Limit ^ ^ * 

The plastic limit is defined as the lowest moisture content at 
which the soil can be rolled into a thread 1/8 inch in diameter, 
without the thread breaking into pieces. 

All published procedures for the determination of the lower plas- 
tic limit differ chiefly in the manner of rolling the sample and the 
end point criterion. The roUing may be done with the fingers, the 
palm of the hand, or a stick. There is no general agreement as to 
the diameter or the length of the rolled out filament, No attempt to 
mechanize the procedure has been made and this constant, though 
very easy to determine, depends on the judgment of the operator. 
The test is not applicable to coarse-textured soils and there is no 
sharp division between soils that have a rolling out limit and those 
that have not. 

The numerical difference between the liquid and the plastic 
limits, known as the plasticity index, shows the range in moisture 
contents through which the soil remains plastic. 


Minimum Water of Saturation 

The minimum water of saturation, also sometimes known as 
•field moisture equivalent* is the lowest moisture content at which 
free water appears on the surface of a soil sample in closest pack- 
ing. It is determined by thoroughly mixing small increments of 
water with a dried soil and smoothing off with a spatula, until a 
drop of water placed on the smoothed surface is not immediately 
absorbed, but Instead spreads out and imparts a glisten. After the 
end point is obtained, the moisture content of the sample Is deter- 
mined in the usual way by drying over-night at 100 to llO^C. 


Moisture Equivalent 

The equilibrium water content of the soil under free drainage 
varies so greatly with the manner of packing that it is almost im- 
possible to reproduce field conditions. Briggs and McLane intro- 
duced the term 'moisture equivalent*, which is defined as the per- 
centage of water retained by the soil material under specified con- 
ditions in a centrifugal field 1000 times the gravitational field of 
the earth. This moisture constant is perhaps the best known and 
most widely used single-value soil property. The main reason for 
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its popularity is that there is standard equipment available In the 
market, and if the specified procedure is followed the results can 
be expected to be reproducible in the hands of different workers. 

Olmstead has gone a step further and introduced a centrifugal 
field of the order of 300,000 times the force of gravity, thus reduc- 
ing the moisture content to capillaries formed by particles of dia- 
meter equal to 0.0001 mm. The application of the principle of re- 
moving moisture by centrifuging down to some state of equilibrium 
is beset with grave difficulties, both practical and theoretical. If 
the centrifugal force is increased, the soil packing Increases 
simultaneously. It seems unlikely that the packing effect would be 
a constant factor for all types of soils. A moderate centrifugal 
force is at least free from such complications. The •moisture 
equivalent" at lOOOg, or centrifugal moisture at 300 ,000^ both rep- 
resent arbitrarily chosen points on the pressure deficiency (pF)- 
molsture content curves. 

Wilting Coefficient 

Wilting coefficient may be defined as the limiting moisture con- 
tent, below which the plants are unable to draw water for their 
growth requirements. This may be determined directly by growli^ 
plants in a sealed container and withholding moisture from the soli 
until they show signs of wilting. The moisture content of the soil 
at the point is determined in the usual way. The main difficulty in 
this procedure, besides the time required for a sii^^le determin- 
ation, Is the observation of permanent wilting, a process which is 
gradual. Because of the practical importance of this value, attempts 
have been made to calculate wilting coefficient from some other 
easily determined equilibrium value. For this purpose the supposed 
relationship between moisture equivalent and wilting coefficient 
has found great favor among soil workers. The average value of 
the ratio between the two as worked out by different Investigators, 
however, is so varied that we are forced to the conclusion that no 
definite relation exists. Nor is any definite ratio to be expected, 
since we cannot predict from the moisture content of a soil at one 
capillary tension what the moisture content will be at another ten- 
sion. Schofield has made an excellent suggestion in this connection 
that the wilting coefficient of a soil should be taken when the mois- 
ture has receded to capillaries correspondiT^ to pF 4.2. 

The three main divisions of soil moisture which have survived 
until now in soil literature are: (a) gravity water; (b) capillary 
water; and (c) hygroscopic water. 

(a) Gravity water is that water which exists when the soil is 
flooded and which moves downward when drainage is provided. Of 
the three forms of water It Is the least important. Since the soil 
can be flooded with any amount of water, it has no fundamental 
relation to soil structure or other physical constants. We can, 
therefore, dismiss it as of only historical interest. 
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(b) rapiiiarv water exists in the pore spaces between the parti- 
cles, filling them completely or partially. 

(c) Hygroscopic water is the water absorbed by the soil fron^ 
humid atmosphere. Thus all air-dry soils, not dried artificially by 
heating, contain hygroscopic water. 

hi recent years there has been a tendency to abandon 
called divisions of soil moisture. It is tacitly assumed that all 
water is held by the same capillary force, the magnitude of which 
depends on the size of the pores. Hygroscopic and capillary mois- 
ture have been dealt with in separate chapters, not because they 
are fundamentally different, but because they belong to different 
portions of the range, one pertaining to mlcrocapillarles and the 
other to macrocaplllaries, the same surface-tension effects oper- 
ating in both cases. 



CHAPTER III 


CAPILLARY MOISTURE 

The simple concept of the soil as a bundle of capillary tubes to 
which the laws of surface tension and capillarity could be applied 
was one of the earliest attempts to e^lain soil moisture distribu- 
tlon» What may, therefore, be called the capillary tube hypothesis 
found an early place in the literature. Keen, In his review of the 
subject, has rejected this hypothesis mainly on the ground that ex- 
perimental evidence in support of it has been lacking. The upward 
capillary movement In soils is effective only to a limited distance 
and the lowest of these estimates is in excess of the experimental 
values with tubes of soils where 4 or 5 feet is seldom reached. 

The well known formula for the height to which water rises In a 
vertical capillary tube which is wetted by water and the lower end 
of which Is in water Is 


(A) 

g cd 

where h Is the height of the meniscus above water level, T the 
surface tension of water in air, g the acceleration of gravity, cthe 
density of water, and d the diameter of the capillary tube. Substi- 
tuting the numerical values (C.G.S* system) in equation (A) we have 
approximately: 


(B) 

d 

In applying this equation to the rise of water in soil, d must be re- 
garded as the equivalent diameter of a capillary tube made up of 
the spaces between the particles. The relation between d and the 
diameter of the particles D has been worked out by SUchter in the 
case of an ideal soil, i.e.. one having particles of the same dia- 
meter. His analysis shows that the value of d at the widest part of 
the triangular pores between the particles is 0.288i> where D Is the 
diameter of the spheres In the ideal soil. Equation (B) therefore 
could be written: 
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. 0.30 1 (approjdmately) (C) 

^ * 0.2830 • D 


In other words, the capiUary pull exerted by a soil column to raise 
water, or the negative pressure required to puU water from a 
saturated column, is approximately equal to the reciproc^ of toe 
diameter of the particles, both quantities being expressed in centi- 
meters. This extremely simple reUtionship could be used for 



measuring the diameter of particles in the ideal soil or the mean 
diameter of particles in natural sands and silts. It is necessary 
only to apply gradually increasing pressure deficiency to a thin 
column of the particles saturated with water. The point at which 
the capillary column breaks^ would correspond to h, the reciprocal 
of which would give the mean diameter of the particles. 

The apparatus for measuring capillarity, shown in Figure X, is 
essentially similar to the one used by Haines, to whose work de- 
tailed reference will be made later. The ordinary Buchner funnel 
used by Haines has been replaced by a sintered glass one, and the 
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pressure deficiency is applied by sliding a burette tube against a 
graduated brass cale. There is a rack -and- pinion arrai^ement 
worked by a thumb screw which moves a pointer needle against the 
brass scale as well as the burette scale. The funnel is filled with 
water by inserting a rubber bung at the top, inverting it, and join- 
ing it to the rubber tube leading to the burette. The connecting 
rubber tube is kept full of water when beli^ joined to the funnel, 
and if the burette tap is kept slightly open, the flow of water in- 
sures an air-free joint. It is essential that no air be allowed to 
remain at the lower surface of the filtering disc. Excess water is 
removed from the funnel and is replaced by a quantity of sand to 
give a layer about 0.5 ctn thick with some free water standing on 
top. 

At the start, the level of water on top of the sand and the burette 
is the same. The burette tube is lowered in steps of 1 cm or so, 
and the rise of water is noted in terms of the graduation on the 
tube. As the burette tube is lowered, the pointer needle is raised 
with the thumb screw, so that any rise of water Is compensated, 
and the reading on the brass scale gives the true value of pressure 
deficiency to which the sand is subject. Obviously as long as there 
is free water, there is very little char^ in the scale reading be- 
cause of this compensating device. As soon as the free water dis- 
appears the tension produced by the lowering of the burette tube is 
taken up by the surface tension of the water, and any difference in 
the scale reading from the original value 0 ves the true value of 
pressure deficiency. From this point onward, further lowering of 
the burette tube causes no rise in the level of the water contained 
in it. This constant value continues until the pressure difference 
exceeds the capillary pull of the sand, and the water again begins 
to rise In the burette tube. There is a definite break If the layer 
of sand is only a few millimeters thick, and the value can be re- 
produced within a centimeter of pressure deficiency. On the other 
hand, if the sand layer is a few centimeters thick, the capillary 
front recedes as the burette tube is lowered, and some water is 
yielded at every step. The sand layer, therefore, must be kept 
only a few millimeters thick, when a definite break can always be 
obt^ned. 

It is worthy of note that the sintered glass filtering disc has a 
capillary pull of its own. U this is greater than that of the sand 
above, no definite break is observed, in the first instance, be- 
cause the receding capillaries are held by the filtering disc. The 
capillary pull of the latter, therefore, should always be lower than 
that of the sand under examination. 

It must be emphasized that there is a limit to the application of 
pressure deficiency in this particular way, which extends only to 
the point where the capillaries remain completely full. The moment 
the continuity of capillary water is broken and air has entered, 
further application of pressure deficiency by lowering the water 
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column has no meaning. It is up to this Umit 0^* the mean dia- 
meter of the capillaries corresponds to the inscribed circle in the 
triangular space between three spheres touching one ano^er, which 
is cowredby Slichter's mathematical analysis and which alone can 

be expected to conform to formula (C). 

With the help of the caplUarimeter described, we can measure 
the maximum capillary force that can develop in a sand or soil and 
therefore test the relation between particle diameter and maximum 
capillary force. For this purpose, 107 sands and 11 soils were 
examined. Of the sands, 26 were of uniform diameter and had been 
separated by the siltometer to conform as closely as possible to 
the diameters given. Others were natural sands obtoined from 
canal beds and were of widely varying oririn. The mean diameters 
were calculated from the relation /i » l/D, where h is the maxi- 
mum capillary pull and D the diameter of the particles. The mean 
diameters of these sands were also determined from their distri- 


bution curves as follows. 

The summation curve of a sand or soil sample is plotted on a 
large-scale graph paper. By Uking the readings for two given 
sizes and subtracting, we obtain the percentage of particles whose 
diameters lie between the two sizes and which may very nearly be 
assumed to have a diameter lying midway between them. If this 
last value is multiplied by the corresponding percentage, and the 
sum of all such products is divided by the sum of the percentages 
(usually 100), we get a value for the mean diameter of all the 
particles contained In the sample. This is the weighted mean size, 
and incldently furnishes a useful measure of the degree of coarse- 


ness of the sample. It will be seen from Table lA that the agree- 
ment between the two sets of values Is as good as could be expected, 
and this leaves no doubt as to the soundness of the capillary hypo- 
thesis, especially as the range of diameters studied is from 0.02 to 
4 mm. The results with soils need further comment. 

The clay content of the soils varied from 11.5 to 68.2%, and the 
mean diameter refers to their distribution curves obtained at maxi- 
mum dispersion as well as without dispersion. The maximum 
capillary force actually determined lies somewhere between the 
calculated values for mean diameter both at maximum dispersion 
and without dispersion (Table IB). This is what one would expect 
in view of the uncertainty regarding the state of aggregation of a 
wet soil. It might be noted that particles having diameters of 0.02 
cm or more settle quickly to the bottom of the funnel, and the re- 
maining soil behaves as if it were devoid of these particles. 

In calculating the mean diameters of the soils, the portion of the 
distribution curve above 0.02 cm diameter is not taken into consi- 
deration, and the results are calculated as if these particles were 
absent. Another point is that soils should be soaked in water for 
24 hours. After this the capillary force is measured as usual. 
Unlike sands, soils jrield some water at every decrease in the vol- 
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TABLB lA. Cftlcul%cc4 uid (ou&d y&lu«ft oi ci^iUlAry eoluakos (uL&iral 8UU)« 


j<0^ 

MOSB 

ZMsmstsr 

rsnllLsnr 

<V»himn« 

1 

1 

Bo. 

Msao 

DlsjMitAr 

CSBllUrr Columns 

Ost’O ' 
(cm a«o)' 

eulc 

(cm R«Ol 

(cm HtOi 

csle 

<ea HiO) 

t 

.013 

10.0 

19.0 

43 

.161 

54.7 

60.2 

3 

.601 

20.0 

20.0 

49 

.830 

35.0 

48.6 

9 

.493 

10.0 

30.9 

44 

.806 

49.0 

46.6 

4 

.409 

19.0 

20.7 

45 

.169 

44.0 

52.9 

S 

.470 

21.0 

21.0 

: 40 

.380 

38.0 

44.3 

« 

.407 

20.0 

31.4 

47 

.130 

03.5 

79.4 

7 

.441 

33.4 

28.7 

40 

.129 

47.4 

77.5 

6 

.432 

23.1 

83.1 

1 *9 

.121 

70.0 

70.3 

9 

.403 

80.6 

24.0 

50 

.130 

07.7 

73.6 

10 

.360 

80.6 

20.0 

51 

.161 

09.0 

06.3 

11 

.369 

30.4 

20.7 

53 . 

.172 

57.3 

50.1 

13 

.345 

29.6 

29.0 

53 

.170 

09.3 

56.3 

13 

.330 

31.0 

29.0 

54 

.200 

si.e 

40.1 

14 

.33S 

33.2 

90.0 

55 

.197 

61.7 

50.0 

IS 

.320 

33.0 

91.3 

M 

.202 

40.3 

49.5 

16 

.300 

41.3 

34.7 

07 

.159 

67.4 

03.9 

17 

.336 

40.0 

39.2 

56 

.200 

41.0 

40.0 

16 

.301 

28.0 

20.2 

59 

.122 

79.7 

75.3 

19 

.300 

20.5 

20.2 

60 

.204 

00.0 

49.0 

30 

.370 

30.3 

30.0 

01 

.240 

29.8 

39.4 

21 

.374 

30.0 

90.0 

03 

.203 

30.5 

37.5 

32 

.174 

36.0 

30.5 

09 

.869 

29.3 

37.1 

39 

.390 

32.7 

30.3 

64 

.313 

32.2 

91.9 

34 

.303 

33.0 

20.3 

06 

.242 

44.7 

41.3 

36 

.711 

17.0 

14.1 

00 

.200 

40.0 

40.0 

36 

.040 

».4 

15.0 

07 

.300 

35.7 

33.7 

37 

.030 

n.o 

IS.7 

01 

.226 

43.1 

44.4 

36 

.004 

17.0 

10.0 

09 

.227 

43.7 

44.1 

39 

.231 

44.4 

43.3 

70 

.209 

34.0 

37.3 

90 

.332 

31.3 

30.1 

71 

.900 

27.3 

33.1 

31 

.337 

41.4 

44.1 

73 

.210 

43.0 

40.5 

33 

.141 

60.4 

70.9 

73 

.801 

43.5 

49.0 

33 

.117 

94.3 

00.5 

74 

.201 

40.5 

30.9 

34 

.106 

00.9 

00.2 

75 

.345 

37.7 

40.6 

9S 

.160 

00.5 

04.1 

70 

.800 

40.0 

40.0 

90 

.too 

00.9 

03.3 

77 

.863 

35.0 

35.3 

37 

.201 

03.0 

49.0 

70 

.351 

36.8 

80.0 

90 

.210 

40.4 

40.3 

79 

.303 

39.0 

36.0 

39 

.170 

64.3 

50.9 

00 

.330 

20.6 

39.6 

40 

.333 

47.1 

44.0 

01 

.332 

24.7 

80.1 

41 

.147 

42.7 

66.0 






TABhB IB. CfiloiUied «&4 towi t&Iqm oI capUUry columns (soils). 
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.0730 
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3 

00.21 

.0309 

.0737 

31.0 

31.67 

10.01 

4 

10.50 

.0339 

.0499 

34.4 1 

22.43 

14.79 

5 

12.79 

.0342 

.0470 

13.5 : 

21.00 

10.54 

6 

39.79 

.0330 

.0042 

19.0 1 

23.64 

11.50 

0 

27.30 

.0497 

.0769 

17.4 

14.65 

0.30 

9 

22.90 

.0493 

.0663 

9.0 

14.97 

6.55 

10 

36.62 

.0394 

.0045 

31.0 

10.73 

6.79 

11 

35.06 

.0435 

.0900 

16.0 

10.97 

7.66 
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umeof the soil, as the water is squeezed out and the particles come 
closer and closer. This phenomenon is entirely due to the swelling 
of soil colloids and is not fundamentally related to the moisture 
content and pressure deficiency. Moreover, as equilibrium is 
reached at a much lower rate in soils than in sands, at least 15 
minutes are allowed between successive readings. 


TABLE 1C. Calculated and found values of capillary column (silt 

and sand fractions). 


Mo. 

Mean Diameter 
(mm) 

CaoiUarv 

Colusa 

(cm B 9 O) 

calc 

(cm B 9 O) 

1 

3.0 - 4.0 

3.5 

2.9 

2 

2.0 • 3.0 

S.4 

4.0 

3 

1.3 • 2.0 

6.3 

6.1 

4 

1.0 - 1.3 

8.8 

6.7 

5 

0.08 • 1.0 

13.0 

10.6 

6 

0.6 

14.0 

16.7 

7 

.96 • .60 

23.2 

17.24 

8 

.49 - .56 

24.4 

19.0 

9 

.44 - .49 

27.4 

21.5 

10 

.40 — .44 

28.6 

23.6 

11 

.36 - .40 

29.7 

26.3 

13 

.34 • .36 

30.6 

26.6 

13 

.31 - .34 

32.6 

30.8 

14 

.29 • .31 

36.3 

33.3 

15 

.28 - .29 

36.3 

39.1 

18 

.28 - .26 

37.8 

37.0 

17 

.25 • .26 

36.7 

39.2 

18 

.22 • .29 

41.1 

42.6 

19 

.20 - .22 

44.9 

47.6 

20 

.19 • .20 

46.0 

91.3 

21 

.17 - .19 

90.4 

55.6 

22 

.15 - .17 

55.9 

' 62.5 

23 

.13 • .15 

69.1 

71.4 

24 

.12 • .13 

77.0 

80.0 

25 

.08 - .12 

90.6 

100.0 

26 

.065 - .06 

94.1 

137.9 

LEAD SHOTS 




1 

1.32 - 1.5 

6.8 

7.1 

2 

1.0 - 1.32 

7.9 

1 

8.6 


While studying the capillary force of soils, it is not convenient 
to work with water columns 3 or 4 meters long. The burette tube 
and a part of the connecting tube are filled with mercury, there- 
fore, and the pressure deficiency is applied by lowering the mer- 
cury column, which can be converted into terms of the height-of- 
water column if required. In Table 1C the calculated and found 
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values of capillary pull of soils are given in terms of the mercury 
column. 

It is interesting to note that the maximum height of the capillary 
column, both calculated and determined, for a soil containing as 
much as 68% clay is of the order of 10 to 12 feet, and in some cases 
it is much less. This is the usual height found in normal natural 
soils. One reason why Keen and several other soil workers have 
rejected the capillary tube hypothesis of soil moisture is that the 
theoretical value of upward capillary movement is by no means 
approached in actual practice. 

It is evident that the importance of the mean diameter in calcu- 
lating the theoretical value has not been realised, and abnormally 
high calculated values have been assumed. For instance McGee, 
from his work in the Great Plains of America, concluded that water 
could rise at least 10 feet in a year, and 30 to 35 feet In a favorable 
term of years. Hall has given a rise of 200 feet and Mitscherlich 
calculated a rise of several hundred feet. 

Schofield has endeavored to express the moisture content of 
soils in terms of free energy relationships. If we suppose that 
water is held by soil against a suction force tending to (Usplace it, 
the free energy can be expressed in terms of the height in centi- 
meters of the equivalent water column. To deal conveniently with 
the whole rai^e of suction, use Is made of the logarithmic acidity 
scale. The symbol pF has been used (F being the recognized sym- 
bol for free energy). From equation (C) we can express the rela- 
tion between the diameter D of particles and its pF as: 

pF s - log tf 

We can, therefore, express the summation curves of soils In terms 
of free energy, or pF. Such curves, of course, will not be different 
from the ordinary summation curves on the semilogarithmic scale, 
but they will bring out more clearly the fact that in soils we have 
particles of a diameter which can form capillaries of the order 
demanded by theory. 

Summation values and other relevant data for two soils are given 
in Table 2. Particles up to the diameters corresponding to pF 
5.03 were determined by the pipette method, using the micropipette 
technique; values for pF 6 were extrapolated from the summation 
curves. It is admitted that not much reliance can be placed on the 
extrapolated values on a logarithmic scale, but there is no mis- 
taking the general trend of the extrapolated portion. These soils 
are of unusual interest, because In spite of the fact that P.C* 123 
contains a much higher percentage of conventional clay than does 
P.C. 13, the former absorbs less moisture at all humidities below 
93%, as will be seen from Figure 2. At this humidity, correspond- 
ing to pF 5, the curves cross, and at higher humidities P.C. 123 
absorbs more moisture than does P.C. 1$. 
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Fig. 2. Itolation between Moisture Conteot end BeUtlre Humidity In Two Soils 


TABLE 2. Relation between diameter of particles and their summa- 
tion percentages for two soils. 


Diameter 

(cm) 

PF 

Summation 

»#rr^ntm»ea 

Relative humidity 
(%) 

P.C. 13 

P.C. m 

.006 

2.22 

93.4 

96.0 


.004 1 

2.40 

69.5 

96.1 


.002 1 

2.70 

66.0 

97.9 

a. 

.001 

3.00 

79.0 

97.0 

• a 

.0006 

3.10 

77.0 1 

96.6 


.0005 

9.30 

79.0 

96.0 


.0002 

3.70 

56.8 

90.9 

„a 

.0001 

4.00 

56.9 

87.9 

99.S« 

.000049 

4.97 

46.6 

74.7 

97.0 

.000029 

4.64 

46.2 

59.0 

96.5 

.0000016 

4.60 

45.0 

49.6 

95 

.0000094 

5.03 

45.7 

39.2 

92 



40.0 

12.0 

40 

.0000001 

mm 

— 

— 

0 


"Calculated from the formula: 


pP * d.5 logi0 (2 - logioli) 
where h Is relative humidity. 
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It will be seen th&t pF 7, which corresponds to the oven«dzy 
state, also marks the lower limit of the colloidal state. Particles 
of diameter lO-'^cm, corresponding to pF 7, will have a capillary 
diameter of the order of 3 x tO“®cm. In other words, particles of 
this size will be packed so closely that even a single molecule of 
water could not be squeezed between them; thus all capillary mois- 
ture ceases to exist. It is significant how the colloidal state in 
soils merges into the molecular state. It is, therefore, not difficult 
to understand that many of the so-called adsorption phenomena in 
soils may be essentially of a chemical nature, and in no way diff- 
erent from similar reactions in molecular dispersions (solutions). 

The extreme limit of conventional clay, i.e. , particles of 0.0001 
cm diameter, corresponds to pF 4, which is equivalent to a relative 
humidity of 99.5%. Particles of larger diameter, therefore, give 
capillaries that are too coarse to be filled through the vapor phase. 
This explains the often quoted fallacy that it Is not possible to 
saturate a soil completely from a fully saturated atmosphere. It is 
also clear that the region of hygroscopiclty lies below the particle 
size of conventional clay, and an explanation of the varying hygro- 
scopicity of clays lies in the size distribution of ultra-clay parti- 
cles. A semi-quantltative relation between conventional clay and 
hygroscopiclty is also apparent from these considerations. A gen- 
eral similarity in the shape of the mechanical analysis summation 
curves and relative humidity moisture content curves can also be 
understood. This similarly would be still more striking if we 
could compare the ultra- mechanical analysis of particles smaller 
than conventional clay. This aspect of the question will be exam- 
ined in greater detail later. 

We have seen that a sand consisting of particles of 0,01 cm di- 
ameter requires a suction pressure of the order of pF 2 (100 cm) 
to overcome the surface tension of the water held in the capillaries. 
We can, therefore, vary the pF from 0 to 2 without altering the 
moisture content. For a finer sand, say 0.001 cm diameter, the 
suction force must exceed pF 3 before any water can be drawn out, 
tt is clear, therefore, that there must be an abrupt drop in the pF 
moisture content curve starting with a saturated sand. In soils, 
this abrupt drop is masked by secondary effects, and as the press- 
ure deficiency is Increased, some water is yielded at every step 
though the soils remain saturated. Let us try to visualize the 
cause of this apparent anomaly. 

The fact that soils swell on absorbing water is well known, but 
the mechanism is not quite clear. We are, generally content with 
the statement that water somehow could make room for itself by 
separating the particles slightly from one another. The real situ- 
ation can be very well imagined if we recall the property of •auto- 
disintegration* by virtue of which soil colloids go Into suspension 
without being shaken. We can imagine the larger interstices be- 
tween compound particles as being )ust filled with water. This is 
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followed by the auto -disintegration of colloidal clay, accompanied 
by an increase in volume, because the particles that were originally 
most closely packed are no longer so. In the end the capillaries 
are filled - not with water, but perhaps with a highly viscous fluid 
constituting a clay suspension of density greater than water. In an 
extreme case the larger particles could float in this suspension, 
and the entire mass would become plastic. 

If suction is applied at this stage, water filters out and the vol- 
ume decreases correspondingly. This continues until the soil 
aggregates are most closely packed. That this might be a true 
picture of the swelling of soils is supported by the fact that this 
phenomenon Is most pronounced in Na and Li soils, the colloidal 
clays of which are known to impart to the soil the property of auto- 
disintegration. The yield of water from a saturated soil by suc- 
tion, therefore, is due to the filtration of water from the clay sus- 
pension held in the interstices, and the force required is used in 
overcoming the elastic rigidity of a thick suspension. The relation 
between pF and moisture content in this re^on is, therefore, not 
real, and is Influenced by the fact that the interstices may be filled 
not with water, but with a clay suspension. 

The absorption and removal of water from a soil is a slow proc- 
ess, and the attainment of equilibrium may take several days. An 
Interesting experiment may be cited to Illustrate this point. U to a 
saturated sand column held under a pressure deficiency some 
water is added, all of that water passes on to the burette tube of 
the caplllarimeter. On the other hand, if the experiment Is re- 
peated with soil, the water may take several days to pass on to the 
burette tube, and even then some of It may be retained in the soil. 
This part goes to swell the soil mass. Similarly, soil may continue 
to yield water for several days under a certain pressure defici- 
ency. It is for this reason that determination of the true value for 
the capillary pull of soils is difficult. Even the approximate values 
leave no doubt, however, that the forces involved are the same, 
both in sands and in soils. 

Since the height of a column of liquid supported by capillaries of 
a given diameter varies as the surface tension of the liquid and in- 
versely as the capillary diameter, almost any liquid could be used 
for finding the mean parUcle diameter. Alternatively, this relation 
could be used for comparing surface tensions of liquids other than 
water. For instance, if is the surface tension of a liquid and 
the surface tension of water, then: 

T, = (E) 

"w 

Where Hj and are the heights of the capillary columns for the 
Uquld and water, respecUvely. Since T, is constant and can be 
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kept constant by using particles of the same diameter, (E) can be 
written: 


Tf » (F) 

in which x: is a constant characteristic of the grade of sand used. 

The surface-tension values of a number of organic liquids were 
determined by means of formula (F), sand of 0.475 mm mean di- 
ameter being used. The results given in Table 3 show good agree- 


TABLE 3. Surface tension and Interiaeial tend Ion values of liquids 
determined by the eaplUarSmeter. compared with standard values. 


Liquid 

Surface tension 1 



Pound 

standard 

Pound 

Standard 

Benzene 

34.9 

28.9 

37.8 

36.0 

Phenetoie 

32.5 

32.7 

33.0 

29.4 

Amylbulyrate 

29.4 

26.2 

18.3 

23.0 

Heme 

21.8 

18.4 

48.8 

61.1 

Ethyl Ether 

18.3 

n.i 

10.3 

10.7 

Toluene 

•• 


38.1 

36.1 

Oleic acid 

•• 


18.3 

15.6 

Xylene 



41.4 

37.8 

iMbutylchloride 



24.2 

24.4 

Mesitylene 



33.0 

38.7 

^•CyamlAe 



31.3 

34.8 


ment with the standard values from "International Critical Tables*. 
The experiments were extended to the determination of Interfacial 
tensions between water and some organic liquids lighter than 
water. These liquids were floated on the water. When the free 
water surface disappeared as a result of the application of pressure 
deficiency, the interfacial tension came into play. The break point 
was as definite as that in the water- air interface. Actually no sand 
was used in this case. The porous plate of the sintered glass 
funnel was used for applying the capillary tension. A comparison 
of the interfacial tensions determined in this way and standard 
values, also given in Table 3, shows good agreement. The liquids 
chosen were those available In the laboratory, and no special care 
was taken to insure their purity, as the whole object of this e}q)eri- 
ment was to illustrate a principle rather than to elaborate a method 
of measuring surface tensions. There Is no doubt, however, that 
the method is capable of refinement and might be employed with 
some modification for measuring surface tensions. 

The fact that almost any liquid could be used for measuring the 
mean diameter of particles in the capUlarimeter is of great im- 
portance in studying the crumb structure of soils as it exists in 
nature, and which is at once altered as soon as they are brought 
into contact with water. The use of benzene, alcohol or kerosine, 
for Instance, in this ease would give a true measure of the particle 
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sizes as they exist in nature. To illustrate the point under dis- 
cussion, the mean diameters of a few soils determined in water as 
well as in benzene, alcohol and kerosine are given in Table 4. 

It will be seen that the values of mean diameter In water in all 
cases are lower than those in alcohol and are the highest in kero- 
sine. This is in agreement with the general observ^ion ^t water 
has the greatest disintegrating effect on soil crumbs. The close 
agreement between the two sets of values leaves no douM « to the 
correctness of the capillary hypothesis or the utility of ^e 
liar i meter for measuring mean diameters of soil ^gregates in the 
natural state. 


TABLE 4. Mean diameter ol eolU determined in the capillar imeter and 
calculated from mechanical analysis in ▼arious liquids. 




P.C. 

1 W&ter 1 

Alrohol 

■ssssssm 

Bnnz« 


Soil Mo. 

M«r.An. 

Cm. 

M«c.An. 

Cud. 

Mm^.Aa. 

Cap. 1 

Mac. An. 

Cm. 

6 

.0642 

.061 

1 .1468 

.120 

.2814 

.22 ' 

.2052 

.181 

13 

.1420 

.116 

.306 

.330 

.359 

.366 

.344 

.354 

72 

.0124 

.0104 

.2032 

.196 

.296 

.286 

.2475 

.263 

110 

.0624 

.046 

.1606 

.160 

.276 

.249 

.2226 

.240 

121 

.0273 

.020 

.1641 

.265 

.265 

.249 

.199 

.214 

123 

.0062 

.0067 

.2234 

.210 

.300 

.310 

.260 

.280 


TABLE 9. Mean diameters of cements determined in the caplUarlmeter 
and calculated from mechanical analyses in Tarious liquids. 





Cement 

Keros; 

ne 

Bensene 

Alrohol 

No. 

Mec. An. 

Csp. 

Mec. An. 

Cep. 

Mec. An. 

Cep. 

I 

.0576 

.0696 

.0462 

.0471 

.0312 

.0310 

n 

.0616 

.0614 

.0476 

.0456 

.0308 

.0305 

m 

.0636 

.0676 

.0512 

.0482 

.0299 

.0301 

IV 

.0556 

.0576 

.046 

.0456 

.0806 

.0303 


The application of the same principle in finding mean diameters 
of cements by using organic liquids is also indicated. Four ce- 
ments were examined by the capiUarimeter using kerosine, benzene 
and alcohol: they were also mechanically analyzed, using the same 
liquids for sedimentation. The results given in Table 5 bring out 
the general agreement between the two sets of values. The lower 
values in the case of alcohol are also significant. 

Hitherto we have discussed only the rupture of the water film in 
the widest part of the capillary spaces in an assemblage of parti- 
cles, characterised by the largest inscribed spheres in the tri- 
angular spaces between the particles. This, however, is by no 
means the only moisture held in the interstices; a good deal more 
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Is held in the wedge-shaped corners. To determine the variations 
of moisture with pressure deficiency in this region the capillary 
pull of the sintered glass porous plate in the funnel of the capU 
llarimeter must be greater than that of the sand or soil under ex- 
amination . so that the application of pressure deficiency can be ex- 
tended beyond the rupture of the main capillaries. This has been 
done by Haines, who has dealt with the hysteresis effect in capi- 
llary properties and the modes of moisture distribution associated 
therewith. 

From a consideration of the solid geometry of the spherical 
particles and the wedge-shaped water films contained in the inter- 
stitial pores, he concluded that water in the soil may be distributed 
in discrete rings, one around each point of contact between the 
spheres. This is the "pendular* stage according to Versluy's 
nomenclature. When the volume of moisture is increased beyond 
the pendular stage, the water wedges establish contact, and it Is 
possible to pass from any point in the water film to any other with- 
out leaving the liquid phase. In Versluy's nomenclature, this is 
the beginning of the "funicular* state. On further additions of water 
the saturated zone will progressively extend to the "capillary* 
stage, when the pores are completely filled with water. The pen- 
dular stage can extend from dimness to 24% saturation of the pore 
space, the pressure deficiency falling meanwhile from a theoreti- 
cal infinite value to 12.9 x T/r. (T being surface tension and r 
the radius of the particles). The funicular stage extends beyond 
24%. The capillary or saturated stage is completed when 100% of 
the pore space is occupied by water. The theoretical values for 
the pressure deficiency associated with different stages of moisture 
when pressure deficiency is applied to a saturated sample are as 
follows: 

At a pressure deficiency equal to 4.1 T/r penetration of air is 
first observed. Gradual entry of air takes place at a pressure 
deficiency of 6.1 r/r, where the capillary stage ends and the funi- 
cular stage begins. Thereafter some 70% of the water is lost up to 
a pressure deficiency of 12.9 T/r. Beyond that stage the general 
reduction of the funicular water takes place gradually until there is 
an abrupt cessation of water movement due to the break In film 
continuity, and the moisture enters the pendular stage. This takes 
place at a pressure deficiency of 12.9 r/r. The three critical 
values for pressure deficiency, namely 4.1, 6.1 and 12.9 (T/r) 
were directly verified by Haines for spheres in closest packing. 
The outstanding feature of his results is the distinction between 
the rising and falling moisture curves and the restricted rat^ for 
reversible conditions. It was also found that there is no unique 
relation between pressure deficiency and moisture content; by 
suitable cycles of rising and falling moisture the material can be 
brought to any stage within the hysteresis loop. Independent ex- 
perimental confirmation of these values is given by Hackett and 
Strettan. 
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As pointed out before, most of the 
theoretical considerations have been obtataed 

'ideal soils', that is, with particles of uniform aameter. Since 
the radius of the particles has to be taken into account, J^e re- 
tnL-kable agreement between the theoretical and 
ues for the maximum puU,in the case of natur^sllte 
'mean diameter' of the particles Is taken as the basis o* calcula- 
tions led to the beUef that similar results might be ej^ected in the 
case of experimental elucidation of the three stages of soil mols- 

ture. 



Particles of uniform diameter were obtained by grading natural 
sand with the siltometer. This instrument, as described before, 
consists of a long sedimenting tube, the lower end of which opens 
Into a moving trough with boxes arranged around it. The boxes 
move in position under water by means of a lever, and thus come 
under the sedimenting tube one after the other; thus the silt moving 
in the water column in the tube is graded into 20 fractions, the 
content of each box representing each size within a narrow range. 
The slse distribution curves of some of these silts are given in 
Figure 3. 

It will be seen that though the bulk of the silt sample consists of 
particles of the given diameter, they are by no means the only 
particles present, bicidentally, it might be mentioned that separ- 
ation of particles of a particular size with the siltometer is only 
partial, so that if the contents of a particular box corresponding to 
a definite size are again passed through the siltometer, all the 
particles will not fall into the same box. The major portion does 
so, but the remainder is almost uniformly distributed in the ad- 
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joining boxes on both sides of the one receiving ^e main 
This will be clear from Figure 4, in which the effect of repeatedly 
dropping the contents of a particular box through the siltometer is 
graphically shown. The narrowing down of the maxima in the dls- 



Flg. 6. Pressure Deficiency* Per cenUge Saturation Curves of a Silt 
Sample Determined by the Siltometer 

tribution curves is clearly Indicated. Even after the same sample 
is passed seven times, the graded sample does not correspond 
strictly to the diameter corresponding to the particular box. This 
is brought out still more clearly in Figure 5, in which the percent- 
age of particles having the average diameter are plotted against the 
number of times the silt sample is put through the siltometer. 


Relation Between Pressure Deficiency and 
Saturation of Pore Space for Graded Silts 

One hundred grams of the silt sample in every case were placed 
in the sintered glass funnel of the capillar i meter, and pressure 
deficiency applied by lowering the burette tube gradually, the vol- 
ume of water yielded at every step being noted. In order to study 
the reproducibility of results, silt No. 6 of mean diameter 0.2S mm 
was taken five times through the entire cycle of changes, from the 
fully saturated state to the pendular stage, and then back to satur- 
ation. The results are plotted in Figure 6. 

It will be seen that the relation between pressure deficiency and 
moisture saturation percentage is reproducible, and that the grad- 
ual withdrawal of water from the sand and Its repeated intake pass 
through the same sequence of changes. Similar cuz*v6S were ob- 
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Fl^. 7. Presaur* Deflciaocy- Percaotaga Saturation Cur?«a of 

Graded Slit Samples 
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tained lor a number of graded silts (Figure 7) and ‘‘Iso for a nui^ 
^r of natural silts (Figure 8). In the latter case r was taken as 
mean radius as calculated from their sise 

Table 6 are given the pressure deficiency values lor ^he toree 
stages of moisture as interpolated from the pressure-saturation 

‘’'’l^V’agreenient between the different values in both cases is m 
good should be expected. The introducUon of mean diameter 
TABLE e. Pressure deticlency eslues lor the three stages of 


Ho. 

Moan dlamotor 
(mml 

CapilUrj 

stnco 

Funicular 

aU<€ 

1 


nr«rt*H i^iUR 


1 1 

.44 

. 4.3 

8.4 

a 

9 

.40 

4.1 

8.5 

ai 

s 

.85 

4.4 

8.4 

4 

.86 

5.5 

6.5 

B 

.58 

4.1 

8.5 

t 

.88 

5.8 

8.8 

w 

7 

.87 

4.1 

8.8 

8 

.84 

4.1 

8.3 

8 

.85 

4.8 

6.4 

10 

.17 

4.8 

6.7 

11 

.18 

4.2 

8.5 

15 

.58 

4.0 

8.8 

14 

.35 

4.0 

6.5 

15 

.81 

4.1 

6.5 

15 

.15 

4.1 

8.8 


Pendular 


11.3 
18.2 
18.0 

11.4 

11.4 

10.4 
18.1 

11.5 
11.2 
11.8 
11.4 


18.2 

18.5 

12.5 

11.8 


has brought the conception of soil moisture in the ^Ideal soli* into 
line with natural soils, and thus has bridged the gap which long 
stood in the way of the practical application of results arrived at 
from theoretical considerations. The abnormally high theoretical 
values of capillary rise in soils based on the percentage of small- 
est particles, which could not be realized in practice and which 
ultimately led to the rejection of the capillary hypothesis, must be 
modified In the light of these experiments. The estimation of mean 
diameter in the case of soils should also assume greater import- 
ance. In fact, this hitherto unknown constant should be given prom- 
inence among single -value soil constants. It will not only impart a 
more precise meaning to the elusive factor known as soil texture, 
but afford a better insight into the exact relation between soil and 
moisture distribution. 

It is clear from the foregoing that within the hysteresis loop the 
relation between the pressure deficiency and percentage saturation 
is unique for any given sand. Starting from saturation, on the 
application of gradually increasing pressure deficiency the mois- 
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ture percentages pass through a series of decreasing values which 
can be represented by a smooth curve and which can be reproduced 
and are characteristic for any particular sand under examination. 



^ M 90 40 AC 

PRessoAS otPiotE^r tPt cm 

Fig. 9. Pressure DeficleBcy-PerceiMage Ssturetion Curves Determined by 
Cap! lUrl meter sod under free Drainage and Capillary Suction 
(Mean Diameter ■ O.SdSmm) 



Fig. 10. Pressure Deficiency -Percentage Saturation Curves Determined 

by Ca^llarlmeter and under free Drainage 
(Mean Diameter « 0.138mm) 


Obviously, this relation expresses the moisture distribution in a 
vertical column under free drainage. In order to see if it Is actu- 
ally so, a number of glass tubes were packed with samples of sand 
and flooded with water. They were then allowed to drain away 
freely. Four-centimeter sections of the tubes were cut off and 
moisture content determined in each section. Typical curves of 
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Flf. 11. Pressure Mlclency- Percentage SatM ration Curves Determined 
\ff Capillar i meter and under free Drainage 
(Mean Diameter • 0.217mm) 
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Fig. 12. Pressure Deficiency- Percentage Saturation Curves Determined 

by Capillaiimeter and under free Drainage 
(Mean Diameter s 0.237mm) 
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this nature are shown in Figures 9-13» along with the values de- 
termined with the help of the capillarimeter. The agreement is 
remarkably close considering the nature of the substances. 

The experiment was repeated with a number of sands; In every 
case the results of moisture ^strlbution obtained under free drain- 
age were almost identical with those obtained with the caplllari- 
meter. This simple instrument can, therefore, serve a very useful 
purpose In predlctlr^ the moisture distribution in a sand column. 
A moment’s reflection will show that )ust as the falling moisture 
curve represents the conditions under drainage, the rising curve 
of the hysteresis loop should indicate the moisture distribution 
under capillary rise. For an experimental verification of this 



Fiz- 13. Pressure Deficiency- Percentage Saturation Curves Determined 
by Capillarimeter and under free Drainage 
(Mean Diameter s 0.3$inm) 

supposition's sand column contained in a glass tube was held verti- 
cally in a shallow basin of water. After 15 days, when the rise in 
the liquid column has stopped, the tube was cut into two-centimeter 
sections and the moisture content determined, The moisture dis- 
tribution expressed in terms of percentage saturation plotted a- 
gainst pressure deficiency (capillary height) is shown in Figure 9. 
along with the rising curve for the same sand determined by the 
capillarimeter. The agreement between the two sets of values is 
as good as could be expected, leaving no doubt that the capillari- 
meter can be used for predicting the behavior of a silt both under 
free drainage and under capillary rise. The practical importance 
of this simple apparatus, therefore, needs recognition. 

The application of the concept of mean diameter in the case of 
soils is not so simple as It might appear at the first sight. The 
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absence of aggregates or compound particles in sands and silts In- 
troduces no complication, and a sample examined in the laboratory 
may safely be relied upon to give the same results as the material 
in situ. The difficulty in the case of soils is twofold: the state of 
aggregation of the soil in ^itu may be quite different from that of 
the powdered and sifted soil sample examined in the laboratory. 
Besides, the laboratory sample, when brought into contact with 
water, will have a tendency to disperse and give out fine particles 
which may get into the interstices and thus reduce the pore size. 
Such a tendency may be quite absent in soil in situ. 

The mean diameter of the soil itself can be considered from two 
angles. If the ^ultimate mechanical analysis* is taken as the basis 
of calculations, the mean diameter would be different from that 
obtained when the results are computed from the “aggregate mech- 
anical analysis* without dispersing the soil. This aspect of the 
question has been discussed in Part 11. In fact, the state of aggre- 
gation has been defined therein, as the ratio between the two di- 
ameters, with and without dispersion. This being so, It becomes 
probiemetical which of the two would be operative in Influencing 
the maximum capillary pull given in Table 1C, it is evident that the 
maximum capillary force actually determined lies somewhere be- 
tween the calculated values for mean diameters at maximum dis- 
persion and without dispersion. 

The fundamental relationship between pressure deficiency and 
percentage saturation of capillary pores can be established with 
liquids other than water, and the values of maximum capillary 
'force conforming to mean diameters have already been shown to 
agree with those calculated from size distribution curves (Tables 
4 and 5). It remains to be seen if the complete moisture distri- 
bution curve conforms to the pattern demanded by theory. To es- 
tablish the fundamental relationship between pressure deficiency 
and percentage saturation of capillary spaces with liquids other 
than water, experiments were first made on a sample of sand hav- 
ing a mean diameter equal to 0.4 mm in the usual way. The results 
are plotted in Figure 14. The total pore space was taken as 31%. 
It will be seen that the curves obtained in ^e case of water, alco- 
hol, aniline, benzene, as well as an alcohol-water mixture, are 
more or less superimposed, and the three critical values with their 
sudden changes of moisture distribution as well as the hysteresis 
effect are similar in every case. With kerosine, however, the 
curve is somewhat different, although it resembles the other curves 
in showing the break point at about the same critical value. But 
the subsequent loss of liquid is by no means so sudden and the 
movement of liquid continues with increase in pressure deficiency 
as far as 30 T/r, This may have something to do with the differ- 
ences in the wetting powers of the various liquids. Experiments 
were next made with a black cotton soil (P.C.13) containing 52% 
clay. The results are plotted in Figure 15. 
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In the case of water the soil particles yield some Uquid at every 
inc^eie “ prelture deficiency, and a considerable amount of 
liquid is squeezed out long before the first critical 
ure deficiency is reached. This phenomenon very Ukely is 0 “® « 
r eSSce of compound P»rt‘cles m soils In s^J eve^ part^ 
cle is a rieid unit and water can exist only In the interstices, in 
the case of soils the compound particles form larger 
the moisture is held not only in those, but In U*® 

the orimary units of which the aggregates are formed. The larger 
interstices, while emptying, draw water from the smaller capi- 
Uaries of the compound particles, resulting in the squeezing out of 
lareer amounts of water than would be the case with rigid particles 
of sand. At the first critical pressure deficiency, however, the 
curve shows a well defined point of inflection, as demanded by 


TABLE 7, Beat of wetting of soli P.C. 13 with different liquids. 


Liquid 

Heat of wetting (calories) 

Water 

10.9 

Alcohol 

10.0 

Benxene 

e.i4 

Kerosine 

9.14 


theory. The curves obtained In the case of alcohol* benzene and 
kerosine show Increasing deviations from the theoretical curve in 
the sense that the movement of the liquid continues much further 
than the critical pressure deficiency (12.1 T/r), although the first 
break in the case of all liquids is noticed at about the same point. 
That is why this value conforms to the mean diameter in every 
case. 

It appears that beyond this break point the curves show greater 
and greater deviations from one another as well as from the ideal 
curve; the emptying of capillaries progresses differently in differ- 
ent liquids* the movement of liquid continuing In all cases other 
than water* even beyond the critical value of pressure deficiency 
(12.1 T/r) at which the liquid movement should have practically 
stopped. It is worth noting that while in the case of sand particles* 
only kerosine showed this anomalous behavior, benzene and alcohol 
exhibit it in soils. The capillary spaces concerned in a soil are 
naturally much finer than in sand and therefore the movement of 
these liquids is more restricted in soils than in sand. It is signi- 
ficant that the values for heat of wetting of this soil in the various 
liquids (Table 7) follow the same order as the deviation of their 
pressure deficiency curves from water. 
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The complete theoretical explanation of this deviation, however, 
Is not forthcoming and is probably related to the contact angle or 
wetting power of the various liquids* It is significant in this con- 
nection that the pressure deficiency saturation curve with water 
assumes the appearance of the one given with partially wettir^ 
liquids when sand is coated with wax* This is shown in Figure 16, 
for a sand for which the normal curve with untreated sand is also 
shown* 



(Mean DUmeter ■ 0.46nim> 


It has been shown in the foregoing that the relation h « l/D 
affords a very simple method of determining the mean diameter of 
sands and silts as well as soils by measurir^ the maximum press- 
ure deficiency required to break the capillary column held by the 
particles* This is described by Haines as the •entry value*, i.e., 
the pressure deficiency at which the air enters the capillary pores. 
It is obvious, however, that any of the three critical values for 
pressure deficiency corresponding to the capillary, funicular, and 
pendular stages could be used for finding the mean diameter by 
interpolation from the pressure deficiency - percentage saturation 
curve. In Table 8 are given values for mean diameter determined 
from the three critical values of pressure deficiency, namely 4.1, 
6,9 and 12.9 (TA).by interpolation and calculated from mechanical 
analyses. The agreement between the different values is extremely 
good considering the nature of experimental material. 
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From the unique relaUonship between the diameter of 
(or the diameter of pores) and the critical points on the pressur 

n*.T.f p ft Mean diameter of graded and natural sands Interpolated from 
^essure^deHclency curves and determined from stee distribution curves. 


Ho. 


1 

2 

3 

4 
$ 
6 
7 
B 
9 

10 

11 


12 

18 

14 

16 


Moan 
Dla mater 
Mechani- 
cal ana- 
lysis 


.44 

.40 

.39 

.35 

.32 

.27 

.28 

.24 

.23 

.17 

.13 


.32 

.23 

.31 

.15 


Capillary 
sta«e 
(cm H 2 O) 


12.4 

13.5 
14.8 
16.0 
17.2 

21.5 

22.6 

26.0 

29.0 
36.5 

51.0 


15.0 
24.5 

30.0 

39.0 


Calcula- 

ted 

Dtameter 

(mm) 


.50 

.458 

.42 

.387 

.36 

.29 

.26 

.238 

.214 

.17 

.12 


Funicu- 
lar 
sta^ 
(cm BjO) 


22.0 

24.0 

24.0 
26.6 

30.0 

35.0 
34.8 

40.0 

47.0 

63.0 

66.0 


Calcula- 

ted 

Diameter 
(mm) 


Natural 


.40 

.25 

.206 

.158 


28.0 

47.0 

52.0 

68.0 


.47 

.434 

.434 

.36 

.34 

.30 

.30 

.26 

.22 

.16 

.12 


.36 

.22 

.20 

.15 


Pendular 
stage 
(cm H^O) 


40.0 

46.0 

47.0 

50.0 
54.4 

65.0 

67.0 

72.0 

79.2 

99.3 
128.0 


55.0 

77.0 

84.0 

110.0 


Calcula* 

ted 

Diameter 
(mm) 


.48 

.42 

.41 

.39 

.36 

.30 

.28 

.26 

.24 

.19 

.15 


.34 

.26 

.22 

.17 


TABLE 9. Mechanical analysis of a natural sand determined by 

the ailto meter 



Summation 




Pressure 


% inter- 


Correspon- 

Pressure in 

deficiency 


polated 


ding mean 

terms of cms 

after 

Diameter 

from summa- 

Distribu- 

diameter 

water at start 

emptying 

(mm) 

tion curve 

tion (%> 

(mm) 

of emptying 

(cm Hg) 

.06 

0.0 

5.0 

.08 

125.0 

200.0 

.10 

5.0 

5.0 

.12 

83.0 

132.8 

.14 

10.0 

26.0 

.16 

62.5 

100.0 

.18 

36.0 

26.0 

.20 

50.0 

80.0 

.22 

62.0 

19.2 

.24 

42.0 

67.0 

.26 

81.2 

10.8 

.28 

36.0 

57.6 

.30 

92.0 

4.8 

.32 

31.0 

49.6 

.34 

96.8 

1.1 

.36 

28.0 

45.0 

.38 

97.9 

0.9 

.40 

25.0 

40.0 

.42 

96.8 

0.2 

.44 

23.0 

36.8 

.46 

99.0 

0.4 

.48 

21.0 

33.6 

.50 

99.4 

0.4 

.52 

19.0 

30.4 

.54 

99.8 

0.2 

.56 

18.0 

29.0 

.58 

100.0 






deficiency - percentage saturation curve for a silt, it should be 
possible to calculate this relation theoretically from the size dis- 
tribution of particles in a given silt. The following example will 



372 


SOIL MOISTURE 


make this point clear. A natural silt had the following mechanical 
analysis as determined by the siltometer (Table 9). 

The values of summation percentages were read out from the 
summation curve at regular intervals of diameter. The distribution 
percentages of various sizes were obtained by difference byassum* 
ing particles of a fraction to correspond to a size which is the 
mean of the values considered to be the upper and lower limits for 
that fraction. For example, if the summation percentage of 0.14 
mm is 10% and that for 0.18 mm is 38%, the distribution percentage 
of 0.16 mm is taken as 23%, and so on. 



5* ~ M 4 i* »• m m m m 

m em 


Fig. 17. Pressure Deficiency- PerceoUge Saturation Curves of a Sample of Sand 
Calculated from Its MechaxUcal Analrsla and Determined by the 
Capillarlmeter (Mean Diameter ■ 0.40mm> 

Now on reference to pressure deficiency • percentage saturation 
curves (Figures 7 and 8) It will be seen that emptying of the capi- 
llaries in almost all cases, irrespective of particle size, starts at 
6.9 7/r and is completed at 10.9 T/r. Substituting the value of T 
and r it is possible to calculate the values of these two critical 
pressure deficiencies in term of centimeters of water for each par- 
ticle size. These values are also included in Table 9, against each 
mean size. 

It will be seen that up to 18 cm pressure deficiency no water Is 
given out at all, and percentage saturation remains 100. Between 
18 and 29 cm percentage saturation falls by 0.2% only, on account 
of the particles of 0.56 mm diameter. But when pressure defici- 
ency has reached a value of 19 cm of water, particles averaging 
0.52 mm would also begin to lose water, and percentage saturation 
on account of these particles would fall further by 0.4% between 19 
and 30.4 cm pressure deficiency, and so on. In this way pressure 
deficiency - percentage saturation curves can be drawn from the 
results of mechanical analysis. These results are given in Table 9 
and plotted in Figure 17, along with the curve determined expert- 
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mentelly for the same sample. The fB^eement be^een Wo 
curves is remarkably close, emphasizii^ once more the correct 
ness of the capillary conception of soil moisture. 

A word aboSt an apparent anomaly in the two curves bflow 30% 
saturation. The theoretical curve extends beyond ’ 

as the experimental curve has stopped on account 
the con^uity of the moisture film. It must be understood that 
there is no theoreUcal UmitaUon to the appUcation of pressure 
deficiency beyond the 30% saturation point. The calculated curve, 
therefore, represents the true state of affairs if the pressure defi- 
ciency could be applied by a more refined technique than is poss- 
ible with the method. The theoretical supposition of complete 
evacution, though not realised practically, is essentially sound, 
and the complete agreement in the two curves up to the limiting 
point Indicates that larger capillaries in contact with those of 
smaller diameter are as a matter of fact undergoing complete 
evacuation, until the moisture has receded to the smallest capi- 
llaries and the film continuity is broken. At this point the experi- 
mental curve ends abruptly, though the theoretical values can be 
calculated beyond, up to complete dryness. The asymptotic nature 
of the theoretical curve not only indicates a very high value of 
pressure deficiency of this magnitude, but brings out the wedge- 
shaped nature of the capillary cells resulting in extremely small 
radii in the final stages of evacuation. 
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Moisture absorbed in the vapor phase from a humid atmosphere 
by dry soil is called hygroscopic moisture. The amount of water 
thus absorbed obviously depends on the humidity of the atmosphere 
to which it Is exposed: the higher the humidity, the greater the 
absorption. From an atmosphere at 100% saturation, the absorp- 
tion of moisture is naturally maximum; this is known as the hygro- 
scopic coefficient , a term introduced by Hilgard in 18&0. It Is de- 
fined as the percentage of moisture (on an oven-dry basis) that a 
soil holds when in equilibrium with an atmosphere saturated with 
water vapor. It was much used in America at one time as a 
^single -value* soil constant, although considerable trouble is in- 
volved in its accurate determination. The difficulty of maintaining 
a saturated atmosphere was soon realized and several workers on 
the continent, notably Rodwald and Mitscherlich, suggested the use 
of 10% sulphuric acid which gave a relative humidity of about 96% 
at ordinary room temperature. This determination is referred to 
as the *hygroscopicity* of a soil and must not be confused with the 
‘hygroscopic coefficient*. In the American method the principal 
difficulties center around (a) the obvious necessity of accurate 
temperature control; (b) the provision of a saturated atmosphere; 
and (c) the slow attainment of even an approximate equilibrium in 
a reasonable time at ordinary temperature. In spite of the experi- 
mental difficulties mentioned above, a considerable literature sprang 
up on the relation between the hygroscopic coefficient of soils and 
their field characteristics. It has been much used for comparing 
and contrasting soils. The reader is referred to the papers by 
Alway and his colleagues, Briggs and Shantz, for information on 
this phase of the subject.* 

Earlier workers obtained conflicting evidence regarding the ef- 
fect of temperature on the hygroscopic coefficient. For instance, 
Knop, Schloesslng, Amon, and von Dobeneck found a lower value for 
the hygroscopic coefficient at higher temperatures. This result, 
controverted by Hilgard on the ground of incomplete saturation of 
the atmosphere within the absorption vessel, was subsequently ob- 
tained also by Patten and Gallaghar. Later Lipman, Sharp and 


Cfiapfete list 
Vcl. 15:272 


of references 
( 1925 ) . 


given by the euthor in Jour. Agric. Sci . 

374 


375 


HYGROSCOPIC MOISTURE 

«»^Ki«»inand MacDole made experiments which indicted 
Se increases with temperature. The 

diametrically opposite conclusions, both reasonably 
«Tll suDWrte?brexperimental evidence, led the author to the con- 
Tlusion'^thS some Important factor must have been imperfectly 
nr left altogether out of account. 

An^elaborate set of measurements was conducted in a thermo- 
st^ of *Sineter 3 feet and height 1.5 feet, provided with an effi- 
rient Stirring arrangement and temperature control. There were 
fou? galvIrSled iron absorpUon chambers 6 x 10 x 6 inches high. 
Thev were arranged radially and symmetrically in the the^mostate, 
and the bottoms were provided with legs and hooks to hold them in 
a position 4 inches above an open-strip metal framework, which 
ranacross the thermostate 6 inches from the bottom. An easy and 
thorough circulation of water was thus secured. The chambers 
were Immersed in water within 1/2 inch of their outer rim. ^^®tr 
entire interior, including the under surface of the lids, was lined 
with thick pads of water-saturated filter paper, so that when the 
lid was in position the inside surface was completely covered. 
Sufficient water was then added to cover the bottom of the lined 
vessel The outside of each lid was lined with a thick layer of felt. 
Access to one chamber without disturbing the others was obtained 
by having the wood cover for the thermostat In four quadrant sec- 
tions, fitting together to cover the whole bath. Thick pads of cotton 
wool were spread across the bath over the absorption chambers 
before the cover was put on. 

The weighing bottles for holding the soil were 1 7/8 inches in di- 
ameter and 1 1/8 inches high. Five grams of soil spread at the 
bottom formed a layer 2 to 3 mm thick. These bottles had special 
lids, consisting of a flat circular glass plate with a ground-in 
groove to fit the rim of the bottle. The advantage of this kind of 
lid is that four to five of them can be held one above the other in 
the right order in one hand and rapidly placed on the bottles, while 
the lid of the absorption chambers is lifted. The various soils 
used were air-dried, passed through a 1-mm mesh sieve, and kept 
in well corked stock bottles. The air-dry moisture content was 
very accurately determined in every case by drying over concen- 
trated sulphuric acid in a vacuum desiccator. 

Five grams of each soil were taken for hygroscopic measure- 
ments; each absorption chamber contained four weighing bottles 
resting over pieces of cork. To minimize errors due to the con- 
densation of water vapor on the inside of the weighing bottles and 
on the soil Itself, the lids were not taken off until the bottles had 
been in the absorption chambers for 30 to 45 minutes. After the 
bottles had acquired the temperature of the bath, a section of the 
wood cover was removed, the corresponding absorption chamber 
partially uncovered, and the lids quickly taken off. Before the lids 
were replaced on the bottles, they were brought to a temperature 
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Slightly higher than that of the thermostat, so that no condensation 
of vapors could take place on their inner surface, which was actu- 
ally noticed to occur when this precaution was not taken. The 
IMSSlbility of dew formation on the Inside walls of the weighing 
bottles when the latter are cooling to the room temperature cannot 
be denied, as a certain amount of difference of temperature be- 
tween the walls of the bottles and the soil does occur. However, 
the soil being actually in contact with the walls, such a difference 
of temperature is likely to be small. Moisture deposition was not 
noticed except in one or two isolated cases where further absorp- 
tion was stopped. 

The first set of weighings was done after 24 hours’ exposure, 
the second after 48 hours. Subsequent weighings were done on 
alternate days, i.e. , after an interval of 48 hours. The time re- 
quired for the whole set of weighings and replacement was a little 
more than an hour, each group of bottles occupying about 15 min- 
utes. After each weighing the bottles were gently shaken, and 
tapped, to mix the soil and e;^se fresh surfaces. When no appre- 
ciable gain of moisture could be noticed on subsequent weighings, 
the bottles were taken out and at room temperature, put in a desic- 
cator, containing dilute sulphuric acid giving 50% humidity. The 
soils were allowed to lose moisture for two days, during which 
time the thermostate was adjusted to another temperature. The 
soils were then taken out of desiccator, weighed, replaced in 
the absorption chambers, and allowed to take up moisture as be- 
fore. The equilibrium condition was again followed by drying in 
the desiccator and re-absorption of moisture at another temper- 
ature. Four different temperatures were employed: 15.0, 20.2, 
25.0 and 29.7^C, and in addition some of the soils were subjected 
to a temperature of 35.6®C. The following conclusions regarding 
the effect of temperature on the hygroscopic coefficient of soils 
were drawn: 

(a) Hygroscopic coefficient decreases with rise of temperature. 
The effect however, Is not regular or progressive: 

(b) The rate of moisture absorption increases with rise of tem- 
perature. At ordinary room temperature (15^), at which most of 
the earlier work on the hygroscopic coefficient was done, the rate 
of absorption is so slow that equilibrium is not attained even after 
20 days (Fig. 18). 

In view of the time taken to reach even an approximate final 
value, and the uncertainty of the final value itself, It would appear 
that even with the careful and laborious technique described above, 
no satisfactory determination of the hygroscopic coefficient can be 
made, and most of the discrepancies in the earlier results are due 
to faulty technique. 

In presenting these conclusions, it is important to remember that 
the greatest, care was taken to make the experimental methods and 
technique as accurate as possible. For routine determination of 
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me’SncKXat'^e SSorcoJl^co^fclent iTnoi possible in 

e^ri„>ental difficulty discussed 

above the\oncepUon of the hygroscopic coefficient as a 
^ fnr each soil is open to serious criticism, because the 

^lue obtained would have no simple physical significance; it might, 



Fig. 16. Bate of Moisture AbsorpUon from s Saturated Atmosphere 


however, serve for empirical comparison of soils known to be of 
the same type. 

The pore-space in soils is an assemblage of voids and irregular 
capillaries ranging from ultra- microscopic dimensions to the mi- 
croscopic interstices between adjacent compound particles and the 
larger mineral fragments. The vapor pressure of soils at different 
moisture contents Is controlled by the minute pores associated with 
the colloidal portion, and the larger voids have comparatively little 
influence. The study of the vapor pressure of moist soils is there- 
fore of fundamental importance. The hygroscopic coefficient rep- 
resents only one point on the vapor -pres sure curve of the soil; 
moreover, this point is in the most uncertain region of the curve, 
for a very small change in the vapor pressure in this region will 
make a comparatively large difference in the equilibrium moisture 
content. 

The vapor -pressure curve of a soil represents the percentage of 
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moisture when in equilibrium with atmospheres of different vapor 
pressures or relative humidities. Alternatively it indicates the 
vapor pressure that the soil will have with increasing moisture 
contents when confined in a closed space. The measurements are 
indirect and involve determination of the water content of soil 
samples in equilibrium with atmospheres of definite relative humid* 
ities, obtained by means of suitable sulphuric acid* water mixtures. 


TABLE 10. b«twe«B mrmMMf, humidity, BAd dtuMy 

<d Aoliitaiine Mid • mtur mlttim. 


0«rlAl 

Ifa 


lummu 

BumMlly 

H) 

Deimlty 

1 

1.0 

00.7 

1.066 

t 

1.9 

•7.9 

1.0606 

i 

9.0 

•9.9 

1.0490 

i 

9.9 

•9.9 

1.0966 

1 

9.0 

•4.9 

1.0970 

1 

9.9 

•9.7 

1.1190 

7 

4.0 

•0.1 

1.1990 

1 

4.9 

90.9 

1.1440 

i 

9.0 

90.7 

1.1976 


9.9 

M.9 

1.1709 

11 

9.0 

99.9 

1.1900 

li 

9.6 

79.9 

1.2010 

IS 

7.0 

70.4 

1.9900 

14 

7.9 

74.1 

1.9990 

19 

9.0 

71.9 

1.9470 

19 

9.6 

91.0 

1.2090 

17 

0.0 

04.9 

1.6700 

19 

9.9 

91.0 

1.6960 

19 

10.0 

97.4 

1.6000 

90 

10.9 

94.0 

1.6900 

91 

11.0 

90.7 

1.6419 

99 

11.6 

47.9 

1.6400 

99 

11.0 

44.6 

1.6600 

M 

19.6 

41.4 

1.9740 

99 

19.0 

60.4 

1.9000 

99 

19.6 

69.7 

1.9000 

97 

14.0 

66.0 

1.4100 

99 

16.0 

27.79 

1.4670 

99 

16.0 

19.70 

1.4960 

90 

17.0 

19.0 

1.4990 

91 

19.0 

19.7 

1.9990 

99 

10.0 

10.4 

1.6470 

99 

90.0 

7.9 

1.9740 

94 

91.0 

6.1 

1.6000 

99 

99.0 

6.4 

1.0690 

99 

29.0 

9.90 

1.4H0 

97 

94.1 

1.60 

1.0746 

98 

29.0 

0.96 

1.6670 

99 

99.0 

0.66 

1.7910 

40 

27.0 

0.66 

1.7440 


To obtain mixtures of definite relative humidities It is only neces- 
sary to take the densities, and then compute the humidity from the 
relation between the two. In a chemical laboratory it is sometimes 
easier to determine normality instead of density: a single titration 
is all that is necessary. Density and relative humidity values at 
different normalities are given in Table 10. When plotted, these 
values give smooth curves from which Intermediate values can be 
interpolated. 

Three types of apparatus have been employed by the author and 
his co-workers for measuring the vapor pressure of soils (in terms 
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^ hamidity) at different moisture contents, or wee veree. 

These may be described as the air stream, the sUrred chamber, 
the vacuum desiccator methods. The measurements are in- 
^rect in ^ cases, and Inyolve determination of the water 

S s<^l U^lesin equilibrium with atmospheres of definite reUUve 

S^StilJ obtained by means of suitable sulphuric acid-water 



Fig. 19. Diagram of one Unit of Air-Stream Apparatus 

mixtures. The actual values of these relative humidities are cal 
culated by means of the data given in Table 10. 


Air Stream Method 

The air stream method is a development of that used by Wilson, 
with the addition of accurate temperature control. Steady streams 
of air are brought to the desired temperature and humidity, by 
passing them through a series of bottles containing sulphuric acid- 
water mixtures, and then over the soil samples in a special form 
of welghii^ flask. The apparatus consists of a number of units, 
one of which is represented diagram matically in Figure 19, which 
shows the relative sizes of the various parts. A circular zinc bath, 
about 100 cm diameter and 45 cm deep is fitted with an efficient 
stirrer and a large toluene thermo regulator. The bath contains a 
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platform • built up of narrow vertical zinc strips to permit easy 
circulation of the water - supporting four inner water-tight cham- 
bers and the acid bottles. Each chamber contains six weighing 
flasks in two rows of three, and is covered with a zinc lid, heavily 
coated inside with felt. The entire bath is covered by wood lids 
heavily lagged on the lower sides. Within the bath there are 
arranged in a systematic manner eight separate units, each of four 
acid bottles and three soil weighing flasks. To avoid any risk of a 
spray being carried over from the acid, the air is passed through 
a glass tube packed with glass wool before entering the weighing 
bottles. 

From the last weighing bottle the air escapes through a U-tube 
containing the same acid, to prevent back -diffusion. The weighing 
flasks have ground-in glass stoppers such that a fractional turn 
will completely seal the flask, while in the open position the air is 
led down toward the base of the flask, which is quite flat so that the 
samples can be spread out in thin layers. The walls of the flask 
are made vertical near the base to secure efficient circulation of 
air over the whole surface of the soil. The specific gravities of 
the acids show no significant change In concentration during the 
course of the experiment. Great care is necessary to secure accu- 
rate weighings of the flasks, especially when there is any large 
temperature difference between the bath and the balance case. The 
flasks are allowed to stand near the balance case for about half an 
hour before being weighed and a similar flask should be used as 
counterpoise. The air streams are obtained from a small pressure 
pump, provided with a reservoir and safety valve to keep the pres- 
sure constant. 

From a large bottle eight separate tubes are led away through 
the eight series of acids. The difference in density of the various 
acids Introduces different pressure heads, which are compensated 
by the introduction of an adjustable column of mercury. In this 
way the taps are needed only for the finer adjustments of the air 
streams and an equal distribution of air between the several series 
is obtained. 

Weighir^s are made either daily or on alternate days and the 
equilibrium point taken as that at which the weights show a change 
of less than 1 mg (on a 5- or 10-gram sample) in two days. 

Stirred Chamber 

A 15- liter bottle containing 4 liters of sulphuric acid is fitted 
with a mercury seal so that both the atmosphere and the acid could 
be stirred continuously. Several weighing bottles containing soil 
samples are suspended simultaneously in the bottle. This appara- 
tus is more convenient for determining the loss of water over con- 
centrated sulphuric acid and can therefore be used for obtaining 
the initial water contents of the air-dry soils used in the air stream 
apparatus. 
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DcslCC&IOrS • 

Desiccators capaDle of holding vacuum for several days are used 
for the purpose. No temperature control is necessary, as 
tive hunrd^ of the soil and the acid is very little changed by ^e 
usual variations in temperature. Each desiccator should be capable 
of holding several squat weighing botUes with ground-in hds. 
Large quantities of the acid mixtures are made up and the acid in 
the desiccators renewed frequently. Before weighing, the air is 
let in through a small tube containing soda lime and cotton wool, 
preliminary experiments having shown that it is unnecessary to 
allow the air to enter through acid of the same humidity. Weighings 
are made on alternate days, and should show constant weights after 
the second weighing. 

One of the principal difficulties in work of this type is the un- 
certainty attached to the term “dry soil*. For ordinary moisture 
determinations, where the soil has initially a considerable per- 
centage of water, drying in a steam oven is sufficient, since dupli- 
cates usually agree to within 0.1 to 0.2%. For experiments requlr- 


TABliE 11. Wfttar coM«at of an alr-drr toll at dturalntd by 

aavoral notfao^. 


Air 

(b) 8Urr«d 

(cl Vacuum 

fliMm Oven 

ivc 

26^ 

16^ 


3.ee 

2.69 

2.64 

2.62 

2.69 

2.67 

2.66 

2.66 

2.69 

3.67 

2.62 

2.63 

2.65 

2.70 

2.64 

2.62 


Ing a higher degree of accuracy it is better to define *dry* soil as 
that which shows no change in weight after e?q>osure for two days 
over concentrated sulphuric acid in either the stirred chamber or 
the vacuum desiccator. ' 

The experiments in general follow one of two courses, which may 
be referred toas •consecutive* determinations and •direct* deter- 
minations, respectively. In the former the same sample of soil is 
placed in turn over a number of acids of different relative humidi- 
ties; in the latter a separate sample of air-dry soil is placed over 
each strength of acid. The water content of the soils in these di- 
rect determinations is obtained by exposing over concentrated sul- 
phuric acid in the manner alreaf^ described samples taken at the 
same time from the stock bottle, and computir^ the water con- 
tents at equilibrium by difference. The sampling error thus in- 
troduced is found to be small, as may be seen from Table 11, in 
which several methods of drying are compared. 

In Figure 20 are plotted vapor pres sure -water content curves of 
five soils to illustrate that they are ail of the same type and show 
a pronounced inflection. The curves are flat for both very high and 
very low humidities, and thus show the difficulties involved in de- 
fining either the “diV* state or the •hygroscopic coefficient*. As 
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the results given by the two methods agree very closely » either 
method can be reliably employed. Of the two» the desiccator meth- 
od requires less attention and allows a greater number of deter- 
minations to be conducted simultaneously. The major portion of 
the work described in this volume is based on determinations 
carried out in vacuum desiccators. 




Fig. 21. Vapor Pressure Curves of Untreated, Oven-dried, and Ignited SolU 
It is well known that materials with a capillary or colloidal 
structure exhibit hysteresis in their water relationships and that 
at equilibrium a material that has dried down to that state will 
contain more water than one that has reached it by absorbing 
water. Considerably lower water contents are shown by a sample 
of the same soil which has been dried previously over concentrated 
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sulphuric acid. In Figure 21 are plotted the results of a complete 
series of operations on a single sample of soil* From the a.ir-dry 
state it was placed in a more humid atmosphere and then in turn 
through a series of dryings* wettings and redryings. 

The most important conclusion that emerges from this study and 
which must be borne in mind is that the water contents for a given 
humidity are always higher when that humidity is reached by drying 
than when it is reached by wetting. From hundreds of vapor- 
oressure curves of all types of soils and other materials of diverse 
character, but possessing in common a capillary structure, the 


TABLB tS. WaUr eootcals and raUtlve humldlUea at diOarant 
lavparacuraa (dlracl daiarnlAnUMi# by air atream maOwd. 


wiMiMtiw HnaaldUr 




I9.S 

9».7 

19.1 

10.0 

1.7 


90 » 


ao.a 

69.4 

40.9 

5 0.9 
10.1 

1.9 


40 * 


90.1 

70.2 
42.0 
21.4 
11.6 

2.2 




20 * 


2,06 

1.41 

1,09 

0.76 

0.94 


90 * 


2.06 

1.44 

1.09 

0.79 

0.90 


40 * 


2.09 

1.41 

1.02 

0-70 

0.27 


Water eoMant 




20 * 


4.29 

9.09 

1.07 

1.44 

1.00 

O.SO 


90 * 


4.26 

9.04 

1,97 

1.92 

0.97 

0.46 


40 * 


20 * 




90 * 


4.96 

9.9 

1.95 

1.90 

0.99 

0.49 


14.07 

10.74 

9.07 

9.64 

4.06 

1.56 


14.07 

10.69 

9.04 

S .55 

9.99 

1.41 


40 * 


19.99 

10,66 

9.01 
9.50 

2.01 
1.44 


TAB LB 19 . lUtlo of ralaUva vapor praaMra at 90 * or 40 * to Uiat at 
20 * for eonaUat water contanta. 


KuiDldlty 

20 * 

<«) 

% hwflildlty 90 * 

« humldltv ftt 40 * 

« humidity at 20 * 

1 hutniaitv 

■t 20 * 

Boll 

A 

Soil 

B 


Soil 

A 

Soli 

fi 

Boll 

F 

69.6 

1.00 

1.00 

1.00 

1.00 

1.00 

1.01 

66.6 

1.00 

1.01 

1.02 

1.09 

1.09 

1.04 

99.7 

1.09 

1.04 ' 

l.OS 

1.07 

1.07 

1.06 

19.1 

1.29 

1.29 

1.11 

1.96 

1.94 

1.17 

10.0 

.. 

1.99 

1.19 

.. 

1.96 

1.24 

1.7 

1.9 

1 

1.9 

1.9 

2.4 

1.6 

1.5 


author has come to the conclusion that there is no exception to this 
rule. That this hysteresis effect is fundamental has been proved 
beyond doubt by the results of experiments that will be described 
later. 

Vapor Pressure of Soils at Afferent Temperatures 

Samples of three air<-dried soils were brought to equilibrium 
with atmospheres of various humidities in the air stream appara* 
tus at 20^C. The weighing flasks were then replaced with the 
stoppers closed, and the temperature of the bath slowly raised. 
After a sufficient interval for accurate adjustment of the temper- 
ature to 30^C, the air streams were passed again for several days. 
Vlien equilibrium had been attained the experiment was repeated 
at 40^0. Table 12 gives the water contents for three soils at six 
humidities at 20, 30 and 40^0, together with the relative humidities 
of the atmospheres. 

hi order to facilitate comparison of the vapor pressure at differ- 
ent temperatures, the vapor pressures at 30 and 40^C were evalu- 





















384 


SOIL MOISTURE 


ated by graphical interpolation of the data contained in Table 12 
for the particular water contents recorded at 20^C. Table 13 con- 
tains the ratios of the vapor pressures at each of the temperatures 
30^ and 40^ to those at 20^ for soils of constant water content. 

Table 13 brings out the interesting feature that In atmospheres 
of high humidity, the relative vapor pressure of soils is practically 
independent of Uie temperature, but that in atmospheres of lev 
humidity it increases considerably with increasing temperature 
until, at the lowest humidity studied, the relative vapor pressure 
is almost doubled by a 20^ rise. Shorter has subjected to athermo- 
dynamic treatment some similar data obtained by Schloesing for 


TABLE 14. Comparison of vater eontents for definite humidities at 
9e^Cand 16^ C (direct determinations In vacuum desiccators). 


Humidity 

(%) 

A.tWobura) 

B (Boos 1.0) 

P (du<ka) 

ie» 

W 

10» 

W ' 

16« 

440 

— 1 

74 

1.3 

0.3 

3.1 

1.1 

11.2 

6.7 

49 


•• 

2.1 

0.9 

8.9 

6.5 

27 

0.7 

0.2 

1.4 

0.6 

6.7 

4.3 

16 

•• 


1.1 

0.6 

5.0 

3.0 

4 

0.3 

0.1 

0.5 

O.S 

2.5 

1.1 


cotton and wool, and has been able to show that this Increase of 
vapor pressure, or diminution of hygroscopic capacity with rise of 
temperature is a general property of hygroscopic substances, which 
absorb water with the evolution of heat. 

A further illustration of this temperature effect was obtained In 
some approximate determinations at about 96^C« A vacuum desi- 
ccator, containing sulphuric acid of suitable strength and several 
soli samples, was placed ina large steam oven andthe temperature 
slowly raised to boiling point of water. After 24 hours the 
vacuum was released and the weighing bottles quickly removed, 
closed and weighed when cold. The errors in these determinations 
are considerable, but a comparison (Table 14) of the observed 
water contents with those obtained by interpolation to the same 
relative humidities from the data obtained at 16^C brings out the 
marked reduction in water absorption at higher temperature. 

Effect of Initial Heating of the Soil on its Vapor Press ure Curves 

Experiments on several soils showed that the water absorption 
values of oven- dried soils at all humidities were considerably less 
than those of soils dried over concentrated sulphuric acid at 25®C. 
This point may be illustrated by a comparison of the second and 
third columns in Table 15, or the corresponding wetting curves of 
the untreated and oven-dried soils in Figure 21. 

This observation affords a further illustration of the permanent 
alteration resulting from heating soil. The loss of water from the 
air-dried soils happened to be the same in the steam oven as at 
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2S«C over sulphuric acid, but the curves represenUng subse- 
auent absorption of vater are appreciably different. Further, it 
will be observed that the curves are approximately parallel and 
arp merely displaced. Figure 21 and Table 15 also include data 
for the same soil after ignition on a silica dish over a Bunsen 
burner The ignited soil still shows considerable hygroscopicity, 
but the* vapor pressure curve is of a different type, being concave 
over almost the whole range. 

A more detailed study was made on samples of soil (E) wmcn 


TABLE 16. Water absorption by heated soils from moist atmospheres 
(consecutive determinations on soil E In vacuum desiccators). 


Humidity 

25» 

lOV 

109« 

120® 

130® 

146® 

170® 

200® 

Ignited 

1 6 

0.56 

0.41 

0.46 

0.61 

O.SS 

0.66 

0.59 

0.69 

0.14 

6 8 

1.42 

1.14 

1.21 

1.29 

1.39 

1.27 

1.24 

1.27 

0.49 

19.1 

2.04 

1.68 

1.77 

1.84 

1.91 

1.81 

1.59 

1.59 

0.65 

40.6 

3.05 

2.77 

2.64 

2.91 

3.00 

2.95 

2.80 

2. 59 

1.20 

69.9 

4.62 

4.36 

4.44 

4.51 

4.61 

4.60 

4.43 

4.42 

2.37 

88.2 

6.34 

6.21 

6.31 

6.43 

6.50 

6.47 

5.33 

6.30 

3.98 

96.9 


7.74 

7.84 

7.78 

7.94 

7.95 

6.05 

7.97 

5.25 

% loss on 
hosting 

3.87 

3.87 

4.02 

4.19 

4.37 

4.61 

5.03 

5.47 

8.11 


were heated for 24 hours in a hot-air oven maintained at various 
temperatures up to 200®C. Table 16 also gives the percentage loss 
on heating the air-dried soil and the percentage absorption of water 
at various humidities in a consecutive series of determinations in 
vacuum desiccators. For comparison, Table 15 also includes 
similar figures for the same soil after drying at 25^0 over concen- 
trated sulphuric acid. In all cases the figures for the loss of ab- 
sorption of water are expressed as percentages of the dried or 
heated material. 

The results for the loss of weight on heating show a regular lin- 
ear increase with Increasing temperature (Figure 22). This rela- 
tionship is strong circumstantial evidence that the main effect of 
heating (up to at least 200^0 in this instance is removal of strongly 
held water from hydrous substances and produces no great altera- 
tion of the fundamental structure of the soil. The loss of water is 
considerable. This soil had an initial moisture content of 3.87%, 
as determined by conventional drying at 100^0, and yet a further 
loss of 1.6% occurs on heating to 200^0. This result also empha- 
sizes the need for a precise description of the standard adopted for 
the *'dry* soil in any exact studies. 

To obtain further information about the soils heated to 146^, 170^, 
and 200^0, they were subjected to a further series of consecutive 
dryings and rewettings with the results given in Figure 23. These 
heated soils also show considerable hysteresis. In addition it will 
be seen that whereas in the first wetting the three soils showed the 



386 


SOIL MOISTURE 



Fig. 22. Moisture Content of a Soil Determined by Keating to Different 

Temperatures 



Fig. 23. Vapor Pressure Curves of a Soil Heated to Different Temperatures 
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slieht systematic dlflerences just discussed^ the subsequent drying 
and rewetting gave substantially the same results for all three 
soils. Further, it is interesting to note that even after prolonged 
exDosure over concentrated sulphuric acid the heated soils did not 
lAse all the water they had taken up during the wetting process, but 
retained 0.70%, 0.71% and 0.86% for the soils heated to 146o, 170® 
and 200®, respectively. 

The absorption of moisture at various humidities by a soil heated 
to still higher temperature Is shown in Figure 24. A progressive 
decrease in hygroscopicity with increasing temperatures is appar- 
ent at all humidities. 

The percentage of conventional clay (0.002 mm diameter) has an 
important bearing on the colloidal properties of soils, and the 



Fig. 24. Moisture Absorption at Different Humidities by Soil Heated to 

Various Temperatures 

eHect of heat on this factor Is of interest. Clay was determined by 
shaking for 24 hours with sufficient NaOH to raise the pH value to 
10.8. The results showed a progressive decrease in the clay con- 
tent, which reached a minimum value at 400®C. It seems that the 
dehydration of clay at higher temperatures leads to a progressive 
fusion of clay particles, resulting instable aggregates which cannot 
be disintegrated by ordinary methods of dispersion, and therefore 
cannot be distinguished from coarser fractions. 

It Is of Interest to see whether decrease in clay content due to 
dehydration can be correlated with the decrease in hygroscopicity. 
The relation between clay and moisture absorption at various 
humidities is shown in Figure 25. Moisture absorption decreases 
with the decrease in the clay content, which diminishes as the tem- 
perature of ignition increases. 

Vapor -pressure Relations of Soli and its Finer 
Fractions (Consecutive Determinations! 

The finer fractions of the conventional mechanical analysis (clay, 
fine silt n, fine silt I, and silt) were separated by repeated sedi- 
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meQtatioD in i£stlUed water without previous acid treatment of the 
soil. Samples of each fraction and the original soils were exposed 



Fig. 3S. Relation Between Clay and Bygroseoplctty of Soil Heated to 

Vartoua Temperatures 



Fig. 2S. Vapor Pressure Curves of a S^l sod the Finer Fractions 

in vacuum desiccators to an atmosphere of 88 » 2% humidity and then 
in turn to each of the lower humidities. The clay fraction and soU 
were then rewetted through the same series of humidities. Figure 
26 shows that the soil fractions show substantially the same type of 
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rtirve &s the soil, and the order of the curves is that to be expected 
froT the met?i diameters or specific surfaces of the samples. 
Pereas in many other physical properties the clay fraction 
fers sharply from coarse material, its vapor-pressure curve dif- 
fers only slightly from the other soil fractions, although the abso- 
lute amounts of water taken up are of course much greater. 

From an examination of the vapor-pressure cu^es of soils and 
fractions it will be noted that the water content for any relative 
hii m I Hitv^ increases with the amounts of clay. Several attempts 
haw been made by soil workers in the past to correlate hygro- 
< 3 coDic coefficient with the mechanical composition of soils. It 
was soon recognized, however, that these empirical formulas had 
onlv a limited applicability, and a rough correlation between me- 
chanical composition and hygroscopiclty was all that could be rea- 
sonably expected. 

The difficulty in finding a more rigid relationship lay in the very 
nature of things. Methods of determining clay (which is considered 
to be mainly responsible for moisture absorption) as well as hy- 
groscopic coefficient were extremely faulty, With the introduction 
of newer methods of mechanical analysis of soils, clay can be de- 
termined with great precision. Moreover, vapor-pressure curves 
gave a more comprehensive picture of the hygroscopiclty of soils 
than had previously been possible. From the nature of these it will 
be clear that the “dry point*, corresponding to zero humidity, is 
quite as Indefinite as the equilibrium point with saturated atmos- 
phere. By adopting 10% humidity equilibrium value as the “dry* 
basis, we can be sure of greater precision In the determination of 


this reference point. 

On this basis, the vapor-pressure curve up to 70% humidity being 
a straight line passing through the origin, the determination of a 
sii^le value will enable us to interpolate hygroscopiclty at any 
other humidity between 10 and 70%. The hygroscopiclty on the 
basis of 10 to 70% humidity shows an excellent correlation with 
clay content in different soils. Indeed it Is possible to calculate 
the percentage of clay (0.001 mm diameter) in a given soil by de- 
termining Its hygroscopiclty between 10 and 70% humidity. 

It was previously stated that moisture content corresponding to 
a given humidity Is always higher when that humidity has been 
reached by drying than when it is reached by wetting, To work out 
the correlation between hygroscopiclty and clay content, both the 
values were determined for 57 soils. The correlation coefficient 


when the equilibrium values were reached by dryii^ was found to 
be 0.996, and when they were reached by wetting the correlation 
was 0.993. Both these values are highly significant. The following 
relations hold good between clay (0.001 mm) and hygroscopiclty, (H): 


Drying! Clay * 8.04 fl + 1.02 
Wetting ; Clay ^ 8.41 H + 2.8 
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In Table 16 are given the calculated values of clay, that is, the 
mean of the drying and vetting hygroscopicity values. 

The agreement between the calculated values and those found by 
direct determination with the pipette method is as good as could be 


TABLE 16. The eelAtlon between hygroscopicity and cUy content- 


8oU 

n 

i%) 

1 CUv (0.001 am) 1 

Difference 

(%) 

Cslc. 

{%) 

Pound 

f%) 



8ous 



P.C. 4 

0.79 

6.4 

10.5 

* 2.1 

P.C. S 

0.56 

6.5 

9.6 

6.1 

P.C. 7 

1.92 

17.9 

17.6 

• 0.4 

P.C.16 

0.52 

6.1 

5.4 

- 0.7 

P.C.S4 

0.66 

7.4 

6.1 

* 0.7 

P.C.SS 

1.75 

16.3 

16.9 

• 0.6 

P.C.36 

0.74 

6.0 

9.0 

* 1.0 

P.C.47 

l.Ol 

10.2 

13.6 

« 2.6 

P.C.4I 

1.10 

10.9 

15.7 

« 4.6 

P.C.S3 

0.6S 

6.6 

15.3 

* 6.4 

P.C.64 

0.15 

3.1 

2.6 

• 0.5 



U.P. Snlln 



P.C.tT 

1.00 

10.1 

6.9 

' 1.3 

P.C.24 

0.63 

6.7 

S.S 

• 3.2 

P.C.87 

0.60 

6.6 

1.9 

• 4.9 

p.c.6a 

2.12 

19.3 

11.7 

- 7.6 

P.C69 

0.61 

6.6 

7.8 

• 0.6 

PX.60 

1.34 

12.2 

4.6 

- 7.4 



C.P. SniU 



P.C.13 

6.22 

53.9 

56.5 

« 2.6 

P.C. 26 

4.35 

97.7 

42.6 

* 5.1 

P.C.26 

6.34 

54.0 

61.1 

♦ 7.1 

p.c.ao 

6.72 

57.1 

53.5 

• 3.6 



Bombay Solis 



P.C. 2 1 

6.04 

51.6 

56.1 

« 4.5 

P.C. 3 

6.69 

56.7 

61.2 

« 4.5 

p.c.se 

5.59 

47.6 

50.9 

* 3.1 

P.C. 39 

1.20 

12.5 

7.2 

• 5.3 

P.C.40 

1.26 

12.3 

11.6 

- 0.7 

P,C.41 

6.39 

H.4 

51.6 

. 2.6 

P.C.42 

7.01 

59.5 

54.4 

• 5.1 

P.C.46 

$.56 

56.0 

55.9 

- O.l 



Bihar Soils 



P.C. 1 

0.31 

4.5 

6.4 

« 1.9 

P.C.43 

1.90 

17.5 

16.2 

• 1.3 

P.C.44 

0.37 

5.0 

5.4 

« 0.4 

P-C.45 

0.76 

6.3 

6.9 

« 0.5 

P.C.52 

0.82 

6.6 

10.5 

V 0.9 



Beneal AoiU 



P.C. 6 

1.79 

16.6 

25.2 

* 6.6 

p.c.a? 

0.45 

5.6 

2.6 

• 2.8 

P.C.49 

0.73 

24.3 

36.7 

« 2.4 
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TABLE 16 (CoDtd.) 





Ifadraa Soils 



D r 6 

2.69 

23.2 

22.6 

- 0.7 

D 9 

l.Sl 

14.3 

1S.6 

* 1.6 

D C 10 

3.79 

93.0 

32.2 

• 0.8 

D C 11 

3.26 

26.6 

29.9 

♦ 0.7 

P.C.14 

2.$1 

32.5 

16.6 

• 5.9 

e 

P.C.12 

0.60 

6.6 

6.6 

4 2.0 

P.C.IS 

1.62 

17.6 

17.2 

• 0.4 

P.C.18 

1.96 

13.2 

15.1 

4 1.9 

P.C.20 

0.34 

4.7 

S.3 

4 0.6 

P.C.21 

1.33 

12.0 

9.7 

• 3.1 

P.C.22 

1.02 

10.3 

11.6 

4 1.6 

P.C.» 

0.96 

9.6 

8.6 

- 0.6 



rriTiatof 



P.C.31 

2.17 

16.7 

20.6 

4 1.2 

P.C.32 

6.61 

57.7 

se.3 

- 1.4 



MTf ort SqUA 



P.C.36 

3.11 

27.4 

22.4 

. 5.0 

P.C.27 

6.36 

54.1 

52.6 

• 1.6 



Slpd Soils 



P.C.56 

0.66 

6.6 

6.6 

• 3.0 

P.C.83 

1.37 

13.2 

6.7 

« 4.5 



N W F SnUn 



P.C.60 

1.47 

13.6 

13.6 

• 0.1 

P.C.51 

1.06 

10.7 

6.7 

• 1.0 


expected from a highly complex body like soil, when the errors in- 
volved in the measurements are considered. The few soils that 
show rather serious discrepancy are invariably abnormal types. 
Soil P.C. 6 is a highly acid soil, entirely barren; P.C, soils 53, 
56, 57, 58 and 60 are highly alkaUne barren soils containii^ free 
Na 2 C 03 . 

The correlation between clay and hygroscopicity, though excel- 
lent, is still no more than empirical. It is devoid even of practical 
utility for it is much easier to determine clay content than hygro- 
scopicity at 10 to 70% humidity. 



CHAPTER V 


RELATION BETWEEN ULTRA -MECHANICAL ANALYSIS AND 
MOISTURE ABSORPTION AT VARIOUS HUMIDITIES 

For a fuller comprehension of the data to be presented in this 
preceding chapter it would be well to summarize the basic rela- 
tionship between the diameter of particles, the relative humidity of 
the water held in their interstices and its free energy. The latter 
is represented by the symbol pF, which is the logarithm of the height 
in centimeters to which water would rise in a capillary against the 
force of gravity by surface tension effect, or the negative pressure 
to which it must be subjected to draw out the water held in it. This 
is given in Table 17. 

The e)Ctremely simple relationship between pF and particle di- 
ameter has already been elaborated. Since pF is numerically equal 
to pD, in the mechanical analysis of soils it is immaterial whether 
one plots the logarithms of particle diameters (pD) or the logarithm 
of the maximum height to which water can rise. The resultli^ 
summation curves will be identical. 

It might be pointed out that values corresponding to particles of 
10-'? cm diameter (pF7) are of theoretical interest only, as the di- 
ameter of the capillaries formed by the particles is smaller than 
that of water molecules, and the relative humidity also corresponds 
to a state of complete dryness. Moreover, conventional clay (par- 
ticles of 0.001 mm diameter corresponding to pF 4) can absorb 
only moisture from an atmosphere of 99.5% relative humidity. 
Thus a range of 0.5% relative humidity covers the entire mechani- 
cal analysis of soils down to clay, and if it were not for the much 
smaller particles in the region of ultra-clay we should have almost 
no moisture absorption from atmospheres of relative humidity less 
than 99.5%. For the verification of any relation between particle 
size and moisture absorption at various humidities, the greatest 
difficulty has been to determine the size distribution of particles 
smaller than conventional clay. This difficulty has been solved by 
the micro-pipette technique for the ultra- mechanical analysis of 
soils described in Part n« Particles of diameters corresponding 
to pF 5.4 can be experimentally determined. 
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Still smaller sizes can be determined by extrapolation from the 

c immation curve, assumli^ that there are none smaller than 10 
^“^^vri^sDondlne to pF 7, which give intersUces of dimensio^ 

smaller ths^water molecules. Between this limiting 

oarticle size actually determined, there is admittedly a 
but 5ie trend of the summation curve is generally sn'ooth 
to leave little doubt as to the actual values to a very close 
!«n^^matlon. Thus the following particle sizes were e^eri- 
mrntally determined In a number of soils with the micro -pipette. 
47 pD 4.2. pD 4.6. pD 6.0, pD 5.2, pD 5.4. 


TABLE n. The relation between diameter of particles, the pF of the water 
* held in them and the reUtlee humidity corresponding to that value. 



1 


— 1 

Relative humi- 


Diameter of 
particles 

(mm) 

Maximum height 

Af Wat»F 

dity of capUUry 
water* 

Negative pressure 

cm 

PF 

% 

in atmospheres 

•1 

10 

1 

10 

■ 


.01 

•2 

10 

.1 

100 

■ 


.1 

-3 

10 

.01 

1000 

3 


1 

-4 

10 

.001 

10000 

■ 

00.5 

10 

-5 

10 

.0001 


B 

92.05 

100 

-6 

10 


1000000 

6 

46.3 

1000 

-7 

10 

.000001 

10000000 

T 

0.16 

10000 


^Calculated from the formula pF * 6.5 ♦ logj^ (S-log^^ h) 
where h ■ relative humidity. 


The method of calculating mechanical analysis of soils from the 
vapor pressure-moisture absorption curves may be explained as 
follows. Knowing the pF value correspondii^ to particles of vari- 
ous sizes, the relative humidity {h) of the atmosphere required to 
fill completely the entire pore spaces between such particles can 
be calculated by the relation 

pF s 6.5 - logjQ(2-log2Qh) 

The amount of moisture absorbed at various humidities (calculated 
for particles of various sizes) is interpolated from the vapor pres- 
sure-moisture absorption curve. If pore space is assumed to be 
*%, it is evident that with particles of uniform size the percentage 
moisture absorption of corresponding humidity will be x% also. 
Suppose actually the moisture absorbed is y%; then the percentage 
of particles corresponding to this size Is 100/x x y. In this way 
the percentage of various particle sizes can be calculated. 
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The greatest uncertainty about these calculations is the percent- 
age of the pore space. The value may vary between wide limits^ 
depending on whether the packing is closed or open. For soils, 
38% pore space is perhaps nearer than any other value. The ele- 
ment of uncertainty remains, however. A more rational and direct 
approach would be to calculate the pore space in every individual 
case and not depend on any average value. This is done as follows. 

From the pF - pD relationship It is found that particles of con- 
ventional clay (0.001 mm diameter) will have their interstices 
filled from an atmosphere of 99.5% humidity. If we determine the 
percentage of moisture absorbed by a soil from 99.5% humidity h, 
and if the percentage of clay is found to be a, then the percentage 
pore space of the clay fraction of the soil will be t 100. Since 
this represents the upper limit of the particle size beyond which 
moisture absorption from the vapor phase cannot take place, we 
can take this value as the pore space of the clay fraction of the 
soil. Thus the pore spaces of the various soils in this study are 
given In Table 18, together with the percentage of clay and mois- 
ture absorption at 99.5% humidity. 

In order to illustrate the calculations further, data for moisture 
absorption at various humidities and percentages of particles of 
various sizes calculated from these data in the case of P.C.2 soils 
are given in Table 19. Since the clay in this soil as actually deter- 
mined by the pipette method is 51.8% and moisture absorption at 
99.5% humidity is 20.8%, the pore space works out to be 40.1%. 

Some important single- value constants for the soils used are 
given In Table 20. This will emphasize the varied character of the 
soils, which were of different origin. Results of moisture absorp- 
tion of various soils from different humidities (interpolated values) 
corresponding to different particle sizes are given in Table 21. 
The calculated and observed percentages of particles of various 
sizes in different soils are given in Table 22. 

The remarkable agreement between the calculated and experi- 
mentally determined values for a number of soils is more strik- 
ingly brought out in Fig. 27, in which the experimentally deter- 
mined and calculated curves are plotted in the case of some typical 
soils. Alternatively, of course, the vapor -pressure curve for any 
soil could be calculated from its ultra- mechanical analysis. 

It appears advisable at this stage to guard against a possible 
misconception that might arise from the supposition that the cap- 
illaries corresponding to a particular particle diameter are sup- 
posed to be full at the corresponding humidity, and that all the cap- 
illaries of larger diameter are empty. This is not strictly correct, 
as is apparent from the relation between pressure deficiency and 
moisture content discussed in the last chapter. Actually there is 
an interval of pressure deficiency equal to 4r/r, during which the 
capillary corresponding to radius equal to r is in the process of 
emptying. We may, therefore, suppose that as the relative humidity 
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Is decreased from one value to another, the 

the^capi^ries must pass through a series of partial 

in the calculation we assume that the pore space , 

9 oarUcuUr diameter is completely full of water, an error Is Rlt y 
to^be introduced due to the uncertain cases of capillaries that are 

partially full. 

TABLE li. CUy. •bwr^lOA lro» 99.9% hymJdlty, 

poM tpAC* el vATtoua Mila. 


BeUKo. 


P.C. 9 
P.C. 9 
P.C. i 
P.C. 9 
P.C. • 
P.C. • 
P.C. 9 
P.C. 10 
P.C. 11 
P.C. IS 
P.C. 10 
P.C. 14 
P.C. H 
P.C. IT 
P.C. tl 
P.C. IS 
P.C. so 
P.C. Si 
P.C. ss 
P.C. ss 
P.C. M 
P.C. H 
P.C. ST 
P.C. » 
P.C. S9 
P.C. 90 
P.C. 91 
P.C. 99 
P.C. M 
P.C. 90 
P.C. 99 
P.C. 97 
P.C. 99 
P.C. 99 
P.C. 40 
P.C. 41 
P.C. 49 
P.C. 49 
P.C. 44 
P.C. 40 
P.C. 40 
P.C. 47 
P.C. 49 
P.C. 49 
P.C. 00 
P,C. 01 
P.C. 09 
P.C. 99 
P.C. M 
P.C. 99 
P.C. 97 
P.C. 09 


PerCMttC* 

piirtielM 
.001 nm 
W 


01.9 

07.9 

14.4 

10.9 

99.9 

99.9 

94.9 
97.1 

90.9 

19.0 
H.7 

99.9 

7.0 
lt.T 
17.7 

99.0 

0. 4 

19.0 

19.1 

10.9 

10.0 
IT.O 

49.0 

99.9 

99.1 

40.0 

99.0 

79.1 

1. t 

19.9 

10.4 

7.9 

49.9 

11.1 

19.0 
M.9 

99.0 

90.9 
9.1 
0.0 

91.9 

14.1 

17.9 

99.9 
ta.9 

19.0 

10.9 

14.0 
4.0 

19.0 

10.9 
10.9 


% Bdksture 
•beerpliM troB 
99.0%lwBldUy 

(M 

90.9 
SO.t 

9.07 

9.1 

7.7 

9.9 

0.0 

19.0 

11.0 

9.40 

90.9 

10.9 

9.0 

9.4 

9.9 

19.0 

9.4 

9.9 

9.9 

9.0 

9.1 

0.00 

19.9 

19.4 

10.0 

19.0 

7.0 

90.0 

9.7 

4.0 

9.0 

1.0 

10.9 

9.0 
9.99 

19.9 

90.9 

9.9 

9.0 

9.0 

90.9 

9.0 

9.0 

9.0 

9.4 

4.09 
9.79 

4.4 

1.1 

9.49 

9.0 

9.9 


Per# 

(ce/100 m toU) 
» 0/»«10 0 

40.19 

94.9 

97.19 

90.1 
99.94 

91.9 

97.0 

99.9 

97.19 

94.01 

97.9 

99.09 

49.98 
M.9 

98.0 

99.8 

97.9 

49.9 
9T.7 
M.9 

99.9 

99.9 

40.4 

99.99 

99.9 

97.1 

91.9 

41.9 

90.7 

90.9 
ST.I 

99.0 

90.1 

99.2 

90.9 
M.l 

90.9 

49.0 

97.0 

97.8 

90.18 
99.48 
M.O 

90.0 

90.0 

91.19 

n.o 

91.4 
M.44 

45.4 

90.1 
90.89 


A moment's reflection, however, would reveal the fact that the 
magnitude of this error is not likely to be great. As pointed out 
before, the interval between the emptying of the capillary from a 
state of saturation is covered by arrange of pressure deficiency of 
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the order of (10.5 T/r - 6.5T/r) This will be equal to a 

change in the humidity of the order of 1.6% up to particles of 0.0001 
mm diameter (pD 5) rising up to about 8% for particles of 0.00001 
mm diameter (pD 6). The error is evidently greater in the drier 
regions, but deviations are systematic and are thus smoothed out 
on the average. Besides, before one set of capillaries has emptied, 
others have just started emptying and yet others may be half emp« 
ty. The net result of this overlapping Is that irregularities are 
smoothed out and simplification of the mathematical treatment is 
rendered possible. 


TABLE 19. Ultra mechanical analysis of soil P.C. 2 calculated from 
moisture absorption at various humidities. 


Particle size 

cm 

1 

PF 

Corresponding 
value for 
relative 
humidity 

Moisture 
absorbed 
% (x) 

Percentage 
of particles 
100 X 
TTT 

lO-J 

4 

99.5 

20.8 

51.8 


4.2 

96.8 

19.3 

48.2 

lO-J* 

4.6 

97.1 

19.0 

47.3 

I0-®» 

9.0 

92.0 

17.4 

43.1 

10-®f 

S.2 

89.1 

16.2 

40.3 


5.4 

83.9 

15.0 

37.4 

“•in 

5.6 

74.8 

13.2 

32.9 


6.0 

48.3 

9.8 

24.5 

lo-®* 

6.2 

31.5 

8.5 

21.2 

,0-6.5 

6.5 

10.0 

5.9 

14.7 


It may be pointed out that in the case of coarse particles like 
sands and silts , such a simplification of the treatment would not be 
possible because the range of particles in the entire sample is so 
small that no smoothing effect could be e9q>ected. Taking an aver- 
age cas^» the particles may vary from 0.06 to 0.6 mm diameter. 
Here is a state of affairs In which, before the pores of particles of 
0.6 mm diameter have completely emptied, the partial emptying of 
the pores of particles of 0.5 mm diameter has already begun; be- 
fore the latter is complete, the pore space between particles of 
0.4 mm diameter has become seriously depleted. It is for this 
reason that it is not possible to calculate size distribution from 
the pressure deficiency - moisture content curves of sands, though 
from their size distribution the entire relation between pressure 
deficiency and percentage saturation could be obtained (Figure 17). 

A close perusal of these results would leave no doubt that mois- 
ture absorption, even by particles of ultra- microscopic dimensions, 
is governed by the same laws of capillarity which operate in mac- 
ropores in the case of water held by coarse sand against the pull of 
gravity. The simplicity of this conception should, therefore, re- 
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Dlace the frequenUy employed terminology describing 

of water such as “imbibiUonai*. 'reUcuUr*, , ’ 

“adsorbed*, ‘capillary*, •hygroscopic*, “gravitation^ , etc. All 
in soil is “capillary* water and the so-called differences are 
merely those due to size of pores and magnitude of free energy. 


TABtB M. vAtM <o tMUaU ^ MkU. 


«eu 

Ha . 

• Mtaa«a 

Cm . 

— 

Ht 


) 

91.26* 

22.9* 

7.99* 

I.Sl 

1 

21.9 

69.1 

11.90 

7.24 

4 

90.29 

2.0 

9.09 

2.22 

4 

19.9 

t.t 

9.0 

2.77 

• 

97.7 

2.9 

1.0 

6.92 

• 

27.99 

91.9 

9.16 

2.41 

9 

9 M 

4.9 

l-J 

6.72 

10 

44.14 

99.9 

4.14 

2.71 

11 

44.1 

92.9 

9.90 

2.77 

12 

12.7 

4.4 

1.2 

6.29 

12 

74.2 

2.62 

9.1 

2.69 

14 

41.1 

6.2 

0.9 

6.97 

19 

16.99 

6.2 

1.12 

9.74 

jf 

19.99 

2.2 

1.96 

6.90 

19 * 

96.1 

4.0 

9.2 

6.72 

19 

49.26 

12.0 

7.26 

1.40 

29 

14.46 

9.9 

2.91 

6.24 

21 

96.96 

19.1 

9.19 

2.96 

29 

27 .H 

2.6 

1.92 

6.66 

2} 

99.46 

2.4 

9.16 

7.41 

. 24 



9 .M 

6.92 

99 

19.2 

2.4 

1.6 

2 .U 

27 


47.9 

1.1 

2.29 

99 

60.1 

M.t 

9.6 

9.92 

29 

29.1 

41.2 

2.4 

9.06 

90 

71.2 

69.2 

6.1 

2.46 

21 



0.6 

9.01 

92 



• 

6.06 

M 

12 .M 

6.2 

9.9 

7.69 

29 

24.4 

1.2 

9.4 

7.96 

99 


2.1 

1.1 

6.42 

97 


2.4 

. 

6.79 

29 




9.99 

92 

U .4 

1.6 

6.2 

2.11 

40 

96.0 

9.4 

4.0 

7.96 

41 


47.6 

6.4 

9.74 

99 

« 

47.6 

0.2 

6.00 

49 

96.9 

12.2 

1.2 

6.41 

94 

16.2 

9.9 

1.1 

9.94 

49 

16.4 

4.7 

9.9 

7.49 

49 

70.2 

41.9 

7.7 

7.69 

47 

19.6 

9.6 

6.2 

9.02 

49 

12.1 

2.9 

9.2 

2.66 

49 

99.9 

19.1 

4.0 

9.99 

60 

91.2 

10.2 

9.0 

2.64 

61 

17.4 

0.4 

9.4 

2.26 

99 

12.6 

2.9 

9.9 

9.09 

99 

17.6 

2.4 

9.7 

2.27 

94 

90.9 

4.6 

2.7 

2.71 

99 

2.2 

90.6 

1.4 

9.96 

97 

11.9 

9.6 

2.4 

10.40 

92 

2.2 

6.2 

4.0 

9.62 


* Ml *4lutl •!» »#'< 


Within any range, however small, the relation between percentage 
saturation and free energy or pressure deficiency is perfectly 
smooth. The total rax^e, however, is vast, extending from micro- 
pores of particles of colloidal dimensions to macropores of coarse 
sands. There are no gaps or breaks within the entire range, but 
only points of inflection* ‘Tdoisture equivalent*, “hygroscopic co- 
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efficient*, *hygroscopicity*, ^wilting coefficient* are arbitrarily 
chosen single points on the curve. The interrelation between the 
various points merely indicates that they all lie perhaps on a 
straight bit of the curve; and since they all refer ultimately to the 
size of pores, some empirical relation between particle size as 


TABLS 21. H—nlig o( BoMm ttaorpUM d wlov* 9c0m (roB dttfvrfot 

hutaldltl** (UcrpotoUd eorr«»poftdlJC d ptnicl* als* (ptn. 


9 pUHo . 

P.C. 

M.O 

(pD 4) 

47.1 

ft.O) 

91.94 

( 6.01 

99.09 

($.8) 

48.8 

(4.4) 

74.4 

(6.1) 

44.8 

<4.0) 

81.6 

(4.8) 

10,0 
(6. 01 

Po?« 

•p«e« 

i 

80.0 

19.0 

17.11 

19.8 

l$.0 

18.8 

9.94 

9.0 

$.9 

40.10 

i 

80.9 

lt.$ 

14.8 

17.8 

10.4 

14.0 

10.4 

9.1 

6.4 

84.0 

4 

8.97 

8.4 

9.1 

8.9 

8.4 

8.0 

1.8 

1.1 

0.9 

87.19 

1 

8.1 

8.7 

8.4 

8.0 

1.7 

1.6 

0.99 

0.7 

0.9 

80.1 

1 

7.7 

7.1 

4.4 

9.9 

4.9 

8.1 

1.70 

1.40 

1.09 

19.64 

1 

0.8 

7.0 

4.0 

6.9 

6.8 

4.9 

8.8 

8.40 

1.78 

81.1 

$ 

9.0 

7.4 

4.0 

4.1 

8.9 

84 

1.4 

1.10 

0.78 

87.0 

10 

18.0 

10.8 

9.8 

9.7 

9.0 

4.4$ 

4.1 

8.4 

8.70 

88,8 

11 

U.O 

4.4 

9.4 

9.0 

74 

4.10 

4,9 

1.46 

8.70 

17.14 

18 

4.40 

4.0 

8.8 

1.9 

1.4 

1.1 

0.4 

0.1 

0.88 

04.09 

li 

80.4 

87.4 

14.0 

14.1 

18.9 

18.4 

0.10 

7.4 

4.0 

87.0 

14 

lO.i 

9.0 

7.6 

4.4 

1.8 

8.6 

1.99 

1.86 

0.80 

80.18 

14 

8.0 

8.0 

1.4 

1.8 

1.0 

0.7 

1 44 

0.8 


48.90 

It 

0.4 

8.4 

8.1 

8.9 

8.0 

l.l 

0.9 

0.10 

0.10 

84.4 

10 

4.8 

4.4 

4.4 

8.9 

8.0 

1.8 

1.0 

1.8 

0,07 

80.0 

10 

18.0 

9.4 

4.4 

1.0 

7.1 

4.10 

4.80 

1.8 

1.00 

88.0 

80 

3.4 

1.4 ' 

1.04 

0.9 

0.9 

0.tt 

0.8 

O.M 

0.10 

87.0 

81 

4.8 

4.0 

1.4 

8.0 

8.6 

8.10 

1.4 

1.16 

0.60 

48.8 

n 

4.4 

1.4 

8.8 ' 

8.9 

8.9 

8.8 

1.9 

1.86 

0.94 

87.7 

98 

8.0 

8.4 

8.8 ' 

8.0 

1.7 

1 

1.1 

0.8 

0.6 

84.1 

84 

8.4 

8.4 

8.1 

8.4 

1.9 

1.8 

0.9 

0.60 

0.86 

86.8 

80 

4.00 

4.04 

4,7 

4.4 

4.1 

8.7 

0.9 

0.4 

0.8 

10.9 

8T 

14.4 

14.4 

18.8 

18.7 

11.9 

10.1 

9.8 

4.4 ! 

8.6 

40.4 

U 

18.4 

10,8 

9.8 

4,7 

9.0 

7.1 

0.86 

4.1 

8.8 

80.18 

80 

10.0 

10.7 

14.7 

184 1 

18.4$ 

11.8 

HIT] 

4.0 

8.4 

89.1 

80 

II.O 

17.1 

14.8 

14.0 

18.6 

18.8 

9.9 

7,4 

4.89 

87.1 

81 

7.0 1 

4.1 

$.$ 

0.09 

4.4 

1.9 

1.7 

8.1 

1.14 

11.9 

38 

80.0 

81.4 

14.0 

to.o 

14.0 

184 

4.4 

6.0 

8.64 

41.1 

84 

8.7 

9.8 

1.94 

1.70 

1.0 

1.8 

0.96 

0.7 

0.88 

80.7 

80 

4.4 

4.0 

1.4 

8.8 

8.M 

8.9 

1.9 

1.4 

0.88 

89.0 

80 

8.9 

8.60 

8.8 

1.94 

1.70 

1.0 

0.9 

0.6 

4.80 

87.9 

88 

1.4 

1.0 

1.8 

1.1 

0.9$ 

0.H 

0.66 

0.4 

0.88 

80.0 

SO 

14.4 

14.4 

18.9 

18.1 

18.1 

10.9 

7.7 

4.8 

1.91 

89.1 

8t 

8.4 

4,4 

8.0$ 

8.79 

1.4 

8.8 

1.4 

1.06 

0.69 

11.1 

40 

8. 10 

8.08 

8.00 

8.1 

8.6 

8.4 

1.9 

1.8 

0.76 

19.8 

41 

11.0 

17.0 

18.7 

14.9 

18.7 

18.4 

9.4 

7.4 

4.04 

M.l 

48 

80.4 

14,1 

14.1 

10.4 

14.8 

18.9 

9.1 

7.1 

4.8 

81.8 

48 

4.4 

4.0 

4.8 

4.9 

4.8 

8.6 

88 

1.7 

1.0 

41.0 

44 

8.0 

8.4 

8.0 

l.l 

1.06 

1.8 

0.9 

0.76 

0.44 

87.0 

40 

8.0 

8.4 

8.0 

l.l 

1.44 

1.8 

0.9 

0.00 

0.17 

87.0 

40 

80.8 

17.4 

14.8 

16.4 

14.0 

18.8 

l.l 

7.1 

4.14 

89.10 

47 

0.0 

8.9 

1.8 

8.4 

8.1 

1.4 

0.9 

0.60 

0.19 

10.40 

40 

0.0 

4.4 

4.8 

8.4 

8.9 

8.0 

1.0$ 

0.90 

0.64 

84.9 

40 

0.0 

4.1 

4.1 

4.4 

04 

9.1 

8.1 

1.40 

0.04 

80.9 

00 

0.4 

4.8 

1.9 

1.4 

8.9 

8.0 

0.9 

0.40 

0.08 

19.0 

01 

4.06 

8.8 

8.7 

8.8 

t.9 

1.9 

0.9 

0.14 

0.00( 

81.1$ 

08 

3.7$ 

8.1 

1.9 

1.7 

1.4 

1.14 

0.8 

0.1 

0.00 

17.0 

08 

4.4 

8.0 

1.4 

8.H 

8.4 

1.99 

1.14 

0.9 

0.4 

81.4 

M 

1.1 

0.9 

0.9 

0.8 

0.7 

0.49 

0.10 

0.8 

0.81 

84.44 

60 

4.4$ 

4.4 

8.8 

8.80 

8.4 

8.0 

1.1$ 

0.9 

0.48 

4.64 

07 

8.0 

8.46 

8.09 

1.4$ 

1.6$ 

1.14 

0.70 

0.0 

0.80 

19.1 

01 

8.8 

1.0 

8.$$ 

8.8 

1.04 

1.70 

1.88 

1.04 

0.09 

80.00 


representedby mechanical analysis and moisture equilibrium points 
is not at all difficult to conceive. 

The rate of moisture absorption from the vapor phase is gov- 
erned by pressure gradient. We have seen that the maximum di- 
ameter of interstices between particles of conventional clay (0.001 
mm) is such that water can condense in them from the vapor phase 
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the relative humidity is higher than 99. W. Hence even from 
an Itmosphere 100% saturated, the pressure gradient will be «© low 
fhat anv moisture equilibrium within measurable time would be 
imnnssible. Conventional clay, therefore, does mark to some ex- 
t<*nt the limit of moisture absorption through the vapor phase, and 
the old empirical relation between hygroscopic coefficient and clay 


TABLS 8S. M 

d Mills. 




fdi 

Ho. 

' 9O-S4.0 
9.001 

4.8 

0.0009 

9.0 

0.0001 

9.8 

0.00004 

9.4 

UMIOM 

9.0 

0.00001 

9.1 * 

0 000009 1 

1.9 

>.000003 

2 

r 91.9 

49.4 

48.9 

80.0 

87.4 

17.0 

13.9 

9.8 


C 61.9 

49.19 

48.19 

40.84 

87.89 

24.9 

81.17 

14.70 

s 

r 97.8 

99.9 

90.0 

87.B 

89.9 

88.0 

19.9 

18.0 


C 97.8 

99.48 

49.09 

47.11 

48.89 

29.49 

88.19 

10.99 

4 

F 14.0 

1.9 

4.9 

8.1 

8.9 

1.7 

1.1 

1.0 


C 14.9 

18.91 

11.40 

10.8 

9.98 

4.79 

4.41 

8.M 

i 

r 10.8 

9.8 

4.9 

4.0 

8.9 

1.9 

1.4 

1.0 


C 10.8 

0.98 

7.97 

9.04 

9.99 

8.98 

3.83 

1.99 

0 

r 89.9 

M.O 

10.9 

19.8 

18.9 

9.19 

9.8 

8.9 


C 88.9 

89.14 

81.49 

19.44 

19.09 

9.97 

4.99 

8.90 

1 

r 89.8 

88.0 

81.0 

19.8 

19.0 

18.8 

10.1 

6.8 


C86.8 

89.84 

19.17 

17.00 

19.94 

10.94 

9.47 

9.69 

9 

r 84.8 

84.1 

14.7 

8.4 

7.7 

8.88 

8.9 

1.4 

1 

1 

C 84.8 

88.98 

19.88 

18.91 

10.87 

8.79 

8.11 

1.99 

SO 

F 87.1 1 

84.8 

89.0 

' 89.0 

80.8 

18.9 

10.0 

0.9 


C 87.1 

89.77 

89.6 

89.98 

84.79 

18.94 

10,64 

1.86 

11 

F 20.9 

87.8 

84.0 

88.9 

80.9 

19.0 

10.8 

9.9 


C 89.9 

89.0 

; 88.19 

81.94 

10.98 

18.89 

10.87 

7.87 

18 

F 18.0 

10.1 

9.1 

4.7 ' 
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content can thus be understood. The pressure gradient In this re» 
glon, however, is so low that any attempt at exactitude would be 
futile. 

It must be remembered that the absorption of moisture in this 
region is on the rising curve of the hysteresis loop and must fall 
considerably short of the equilibrium value attained by the with- 
drawal of water. The latter values may be more reliable since they 
make use of the application of pressure deficiency through suction 
which can be controlled with greater precision. The advantages of 
Briggs and MacLean’s ^moisture equivalent* or Bouyoucos' “suc- 
tion equivalent* are obvious, in spite of the fact that their funda- 
mental value is still doubtful. There is also no reason why such 
values can not be replaced by pressure deficiency-percentage sat- 
uration curves based on the aggregate analysis of the soils, with 
the help of some such capillar Imeter as described in the foregoing. 
Just as the pH value of a soil has no more significance than that 
it Is a single point on Its titration curve; just as the clay or silt 
content of a soil has no more significance than that they are arbi- 
trarily fixed points on the size distribution curve - similarly mois- 
ture content of a soil determined under any prescribed set of con- 
ditions has no more significance than that it is some point on its 
vapor pressure curve. A great deal of confusion is due to failure 
to recognize this fact. 

Considerable controversy in soil literature has raged around the 
much debated question as to how high water can rise in the soil. 
We have seen that in sands not only can we calculate and experi- 
mentally verify how high moisture will rise, but also determine the 
moisture distribution throughout the entire height. If the sand col- 
umn is flooded with a limited quantity of water we can calculate 
from the geometry of the interstitial spaces how far the water will 
go. on the other hand free drainage is provided, we can compute 
the moisture distribution from the falling curve of the hysteresis 
loop of the capillary curves. 

The presence of clay in the soil introduces complications which 
restrict the movement of moisture by reduclngthe pore size; more- 
over, by holding a good deal of water in the mlcropores, clay ren- 
ders the application of pressure deficiency inoperative beyond a 
certain limit. For practical purposes of moisture distribution in 
the field, the water held In the micropores can be considered a 
common factor at all stages. It is the aggregate mechanical anal- 
ysis that determines the moisture distribution in such cases, as 
well as the maximum height to which the water can rise. 

It is obvious, however, that there is no limit to the movement of 
moisture in the vapor phase to any height, provided the micropores 
are small enough to establish the vapor pressure gradient. The 
movement of water in mass, however, must be restricted by the 
size of macropores. In actual practice under field conditions we 
are concerned only with moisture in the macropores, the lower 
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limit of Which is formed by particles of the size ^ 

conventional clay having a free energy equal to pF 4. This also 
marks the lower limit of moisture, known as wilting coefficient, 
which is the moisture content below which plants cannot withdraw 

water from the soil for their use. 

The fact that the wilting coefficient of soils is of the order of pr 
4 2 is likely to give an erroneous idea of the mechanism of mois- 
ture absorption by root hairs. For Instance, it would seem that the 
limiting factor Is the suction pressure of the soil, and a possible 
rmnnectlon between the suction pressure of the roots and that of the 
soil might be sought. A moment's reflection will show that this 
Idea is likely to be misleading. The limiting factor in the utiliza- 
tion of soil moisture may not be the suction pressure but the lim- 
iting size of the root hairs, which cannot penetrate capillaries be- 
low a certain diameter. 

The development of suction pressure in soils is entirely due to 
surface tension, and unless a root hair can enter and establish con- 
tact with the water surface the plant cannot take up moisture. This 
condition of Isolation evidently begins to operate when the moisture 
has receded to the capillaries formed by particles of 0.0001 cm 
diameter, corresponding to pF 4. 

The importance of the clay fraction in determining wilting coef- 
ficient is at once apparent. Since clay represents only the upper 
limit of particles of this size, the exact relation must depend on 
the size distribution of finer particles in the clay fraction. Parti- 
cles coarser than clay are mainly responsible for retaining mois- 
ture that is available to plants; clay merely helps in the conserva- 
tion of this moisture by preventing evaporation and maintaining soil 
air at high humidity. 

It might be pointed out that in working out the relation between 
maximum capillary pull as determined by the capillarimeter and 
the mean diameter in the case of soils, the lowest limit of size for 
calculating the mean diameter is taken as 0.0001 cm, In spite of 
the fact that there is a large percentage of finer particles which, if 
Included, would reduce the mean diameter considerably. The main 
contention that emerges from these considerations is that there is 
alimit tothe continuity of the liquid phase when pressure deficiency 
or suction force is applied to soils. When this force exceeds that 
required to empty capillaries formed by particles coarser than 
clay, gaps are created through which transmission of suction pres- 
sure cannot take place. 

If a wet soil is placed on a dry soil, the suction created by the 
Latter cannot be transmitted when the moisture has been reduced to 
pF 3.3 (field moisture). Although centrifugal force is not limited 
by similar considerations and it is theoretically possible to reduce 
the moisture content to any value down to dryness, there are prac- 
tical difficulties in the production of such an enormous force, and 
we are again Limited to a pF value of 3 (moisture equivalent). Plants, 
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on the other hand, through their minute root hairs, can reach much 
smaller capillaries; but it must be emphasized that the Uzniting 
factor may not be the suction pressure ^ the roots but the size of 
the capillaries. It is for this reason that the wilting coefficient 
must be regarded as a soil characteristic which bears no relation 
to the suction force of the roots. In fact, it is doubtful whether the 
magnitude of the suction force of roots plays any part in determin* 
Ing the Umitir^ value of water intake from soils. 

In considering the rise and distribution of water in a dry soil 
through capillarity, a fundamental mistake is made in laying too 
much empt^is on the vertical height from the free water surface. 
The whole idea of Buckingham’s capillaxy potential is based on the 
erroneous assumption that the height of the capillary front is the 
limiting factor. As a matter of fact, the capillary movement is un- 
influenced by gravity, and is the same in all directions. In order to 
visualize the mechanism of the rise of moisture in a dry soil, we 
must remember that this movement can take place only from larger 
to smaller capillaries. In other words, a dry soil will withdraw 
moisture from a wet soil only if the former contains some capil- 
laries smaller than the largest ones in the latter which may be full 
of water. Each layer of dry soil therefore draws water from the 
wet layer next to it, and the mean diameter of capillaries respon- 
sible for this pull becomes smaller and smaller as the distance 
from the free water increases, until the capillaries required for 
exerting the pull are so small that they are unable to establish 
contact, and the visible movement stops. 

We have thus a sharp line dividing the wet and the dry soil. The 
total height of the capillary moisture attained in this way bears no 
relation to the suction force of the soil except qualitatively. It is, 
however, related to the size distribution of particles, which deter- 
mine the size of capillaries and the moisture gradient attained. 
When we speak of the abrupt stoppage of moisture movement in a 
vertical column of soil we refer only to the wetness visible as a 
change in the color of the soil. It must not be inferred, however, 
that there is no movement of moisture beyond this point. Actually 
there is, but it is confined to capillaries which are too small to 
show their wetness. As a matter of fact, this movement is very 
important in connection with the movement of salts In soils. It can 
be shown that salts move with water even when the moisture con- 
tent of the soil corresponds to a relative humidity of 75 per cent or 
pF 5.6. This movement can be stopped, however, by interposing a 
layer of sand, the capillaries of which may be too large to draw 
out water from the finer capillaries In the soil. This principle has 
been successfully used in preventing salt efflorescence on earth 
roads in salt areas. 

The experimental verification of the size distribution of particles 
calculated from moisture absorption at various humidities throws 
much light on the mechanism of moisture absorption not only by 
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soiU, but by aU capillary systems, such as activated c^rco^ 
siUca and alumina. The general similarity of vapor pressu 
curves for these substances will be shown later. , j «- 

There is no reason to suppose that the mechanism should be in 
anv wav different from that of soils. The existence of minute cells 
in nlant materials is well known, and it is no strain on toe imagi- 
nation to suppose that the driving away of volatile matter from wood 
leaves behind the framework of carbon residue presenting acellular 
^structure, ft is true that in this case we have yet no means of sep- 
arating the individual particles forming the cellular structure as in 
the case of soils, and thus verify the theoretical deductions experi- 
mentally; but the general similarity of the curves should leave no 
doubt that the mechanism of moisture absorption is the same in 
both cases. These results also place in our hands a powerful meth- 
od of determiningtoe size distribution of capillaries in porous sub- 
stances or the ultra- mechanical analysis of capillary systems the 
particles of which could not be directly determined by dispersion. 



CHAPTER VI 


REPLACEMENT OF AIR IN THE WATER- AIR INTERFACE 
BY ORGANIC LIQUIDS AND ITS EFFECT ON VAPOR 
PRESSURE OF CAPILLARY SYSTEMS 

The relation between the vapor pressure at a plane and a curved 
surface is expressed by the following thermodynamic equation: 

log -f- = 7^ JF 

where p s vapor pressure at a plane surface. 

p' s vapor pressure at a curved surface, 
r s radius of the capillary. 

^ a density of the liquid. 

T s surface tension of the liquid. 

$ s absolute temperature. 

P s the gas constant. 

For moisture held in the soil for any fixed size of capillaries 
corresponding to a relative humidity (h) we can write: 

log h s KT 

If by the replacement of the air in the water-air interface by an 
organic liquid having an interfacial tension of T', the relative hu- 
midity changes thereby to h', and we have: 

log h 

or 

h' 


Thus if we could measure h we could test this relationship which, 
if found correct, would afford strong evidence in favor of the con- 
tention that water In the soil is held In mlcropores by surface ten- 
sion forces and that the weU-known laws of capillarity are equaUy 
applicable to micropores down almost to molecular dimensions. 
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For the measurement of the vapor pressure of salt hydrates, 

several Investigators have used distribution 

some Dhysical method of measurement for determining tn 

concentration of water in the liquid phase. Wilson , 

Westerbrook brought salt hydrates into equiUbnum with 
cohol and determined the concentration of dissolved water 
orimeteiic comparison with cobalt chloride solutions, or y 
conductivity of the solutions after the addition of excess poUssium 
ihiocvanate. The water concentration at equilibrium was not pro- 
norUonal to the vapor pressure, since the solutions obtained were 
Sot sufficiently dilute to be regarded as of constant thermodynamic 

^^^d^^k^sbowed that the freezing point of benzene is 
hv 0 100®C by saturation with water, and that the efficiencies of the 
solid drying agents normally used in the organic chemistry 
torv could be ascertained by the freezing point depression (F.p.D.) 
of toe benzene in equilibrium with them. The measurement of va^ 
oor oressure by the F.P.D. of benzene in equilibrium with the sub- 
stance in question has the advantage that the slight solubility of 
water in benzene (0,03%) results in the transference of very small 
amounts of water, and renders possible its application to small 
Quantities of materials of low water content. The method was suc- 
cessfully used by the author in collaboration with Crowther in the 

case of soils, and the validity of the relation h' • (/>) ^ / ^ was thus 
proved. The following detailed account is taken from the paper re- 

^The validity of toe assumption that dissolved water in benzene 
behaves as an ideal solution, and that the concentration of water as 
measured by the F.P.D. is proportional to the relative vapor-pres- 
sure of the added substance, is established by the experiments on 
sulphuric acid- water mixtures described below. 

The sample of benzene was recrystalllzed several times until the 
freezing point of the dried sample was constant. This recrystalli- 
zation was found necessary because the earlier samples showed a 
steady rise in freezing point if kept frozen for some time, due 
apparently to the escape of some volatile impurity. The measure- 
ments of the F.P.D. were made with the usual Beckmann technique, 
the cooUng chamber being kept at 2-3®C by lumps of ice floating In 
a large quantity of water, which was kept well stirred in a heavily 
lagged bath. For each determination 50 cc of benzene was taken 
from a stock bottle containing metallic sodium, and before each 
series, measurements were made on two samples, treated respec- 
tively with water and phosphorus pentoxide. In all cases the differ- 
ences in freezing points were 0.100 ± O.OOl^C, as recorded by 
Sidgwick. The tube was open to the air only through the narrow 
glass tube through which the stirrer passed. There was, therefore, 
some possibility of traces of water being picked up from the air, 
but no appreciable error was introduced in this way, since mea- 
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surements were made in every case in the presence ot an excess 
of a material whose vapor pressure would not be changed percep- 
tibly by such small amounts of water. 

Preliminary experiments with varied amounts of sulphuric acid- 
water mixtures showed that 4 cc of the mixture was sufficient to 
give constant results. After each reading the benzene was melted 
and well stirred, and the process repeated several times. With 
sulphuric acid-water mixtures there was occasionally a charge of 
0.002^C between the first and second reading, and no subsequent 
change in some dozen readings. To test the possibility of any inter- 
action between the sulphuric acid and benzene, especially with the 
more concentrated acids, samples were left overnight in contact 
with the benzene, and in no case was any change In F.P.D. found. 
Whereas the sulphuric acid-water mixtures rapidly came to equi- 
librium with the benzene, soils gave constant readings only after 
several repetitions of the freezing and meltir^. Successive read- 
ings of the freezing point increased by 0.004 to O.OOl^C for the first 
three or four repetitions, and then became steady. All the results 
quoted are the averages of some successive 6 to 10 readings, which 
did not vary by more than 0.002*C. 

The F.P.D. resulting from the addition of successive lots of 2 
grams of soil in 50 cc of benzene showed that no further change 
took place after the additionof 10 grams of soil, and that the F.P.D. 
was the same for either dry or wet samples of benzene. Ten grams 
of soil were used for all the subsequent experiments. At the end of 
each series of readings water was added in excess and the freezing 
point thus obtained was in every case identical with that of the orig- 
inal wet sample of benzene. This is definite proof that nothing was 
dissolved from the soil by benzene. Since F.P.D. of O.l^C corre- 
sponds to 100% humidity, the calculated relative humidity of any 
substance in equilibrium with benzene is taken as F.P.D. x 1000. 
This Is true of sulphuric acid- water mixtures and salt hydrates. 
For soils the vapor pressure of which is altered by the introduction 
of a benzene-water interface the true relative humidity is equal to 

(F.P.D. X 1000) 0.478; 7*7 T » 35.8/75.0 » 0.478 

Four soils belonging to widely different types were brought to 
definite humidities by keeping them over sulphuric acid-water mix- 
tures of known strength. The known relative vapor pressures in 
the case of sulphuric acid-water mixtures as well as soils were 
compared with the calculated values from F.P.D. of benzene. The 
results are given in Table 22A, 

The agreement between the calculated and known values of 
tive vapor pressures is very close and well within the experimental 
error of the determinations, thus proving the contention that all 
water held in the soils exists as capillary condensed water In the 
micropores formed by closely packed discrete particles. 
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The freeaing-point method is of Utalted application and can be 
used only with liquids having their freezing points within a conve- 
nient range of measurement. The estimation of moisture in benzene 

TABLB 22A. JUUUt® wipor prM«w«e Of HjSOa - »mUr mMuroo ond 
Mils osUttlsUd from F.P.D. conpsrod vllb knowo vslaos. 


Hjd 04 > vfttsr aOBuros 

fUUUTO Tspor prsssujs • F.P.D. > 1000 





CsleulsUd roUtlvs vmpor prossurs • (F.P.D. b tOOO)^*^^ 



and other organic liquids by some direct method would greatly fa- 
cilitate verification of the surface-tension effects in the case of 
other liquids. One such method is the estimation of moisture in the 
organic liquid^ by allowing it to react with sodium metal and mea- 
suring the volume of hydrogen evolved. Obviously this method 
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would be capable of extreme sensitivity. Confirmatory experiments 
were first taken up with benzene in order to standardize the working 
conditions, and to verify the results already obtained with the li- 
quid. Toluene and xylene were the other liquids tried. All these 
were obtained in the pure dry condition by first keeping them over- 
night In contact with fused calcium chloride and then distilled once. 
Benzene was then redistilled over sodium wire, while toluene and 
xylene were first kept overnight with sufficient quantity of anhy- 
drous copper sulphate and then redistilled. All the liquids were 
then kept well protected from atmospheric moisture and in contact 
with sodium wire in the stock bottle, from which a portion was 
taken for test whenever required. 

In order to increase the surface of sodium metal to facilitate the 
decomposition of water held in the organic liquid, it was converted 
into small beads by melting under xylene in a round- bottomed flask 
and shaking vigorously after closing the mouth with a rubber bung. 
Xylene was then replaced by a small volume of the dry organic li- 
quid under test, the beads being kept under that liquid until re- 
quired. 

Dry organic liquid kept with sodium wire was shaken with H2SO4- 
water mixtures for one hour to study the relation between the vapor 
pressure and the amount of dissolved water. 

The arrangement of apparatus for studying the reaction of moist 
organic liquids with sodium beads is shown in Figure 28. Carbon 
dioxide is evolved in a hard glass tube by heating sodium bicarbo- 
nate and, after drying completely overfused CaClg and then H2SO4, 
is passed through the reaction vessel having threeway openings. 
The CO2, after passing through the reaction vessel containing sodi- 
um bea^ under a thin layer of dry benzene or the organic liquid 
under test, is led on through a condenser to a nitrometer burette 
tube containing KOH solution. The reaction vessel is kept Immersed 
in a water bath at 70®C,and CO2 is passed for sometime before the 
introduction of the wet sample under test. Through the third open- 
ing In the reaction vessel, 50 cc of organic liquid, the moisture 
content of which is to be determined, is dropped in after all the air 
has been replaced by CO2. The reaction vessel is kept heated to a 
temperature of about 70®C and any organic liquid evaporated is re- 
turned to the vessel after being cooled in the condenser. The hy- 
drogen evolved is swept into the nitrometer with a gentle stream 
of CO2, and when the reaction is complete its volume is measured 
and reduced to N.T.P., from which the amount of water in the ben- 
zene or the organic liquid under test Is calculated. 

The relation between the amount of water In benzene (or any 
other organic liquid used for the purpose) as calculated from the 
H evolved in every case and the relative vapor pressure of the 
H2SO4- water mixture with which It Is in equilibrium is plotted, 
and from this intermediate values can be interpolated. 

The success of the method of determining moisture in organic 
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liquids described In the foregoing obviously depends on the removal 
of all traces of moisture from the apparatus. This is by no means 
an easy matter and the technique was mastered only after a number 
of trials and failures. A simpler method was also tried with suc- 
cess, partly to simplify the technique and partly to collect cor rob- 
ative evidence by two independent methods. 

The method consists in absorbing the moisture in the organic li- 
quid over anhydrous copper sulphate and weighing it. Fifty cc of 
the liquid is slowly percolated through a weighed quantity of anhy- 
drous copper sulphate held in a Gooch crucible. If a liquid like 
toluene or xylene is used, then subsequent washing with pure dry 
ether Is essential. The crucible is then dried in an air-oven main- 
tained at a temperature of 70 to 80^, whereupon all the organic 
liquid is evaporated, but the water is held back. After drying, the 
crucible is cooled in a desiccator containing freshly Ignited CaCl2 
for about 10 minutes, and then weighed. 

To prevent any atmospheric moisture from getting in, the cruci- 
ble Is closed with a cork having a bore in which the pipette contain- 
ing the organic liquid is inserted. The pipette at the top is closed 
with a rubber tube and plnchcock to regulate the flow of the liquid. 
The suction, applied through the filter pump, Is also light, so that 
the liquid may percolate through, drop drop. This insures com- 
plete absorption of the moisture in the organic liquid by the anhy- 
drous copper sulphate. 

The results obtained by shaking benzene, toluene and xylene with 
H2SO4- water mixtures of varying humidity at 40^C are given In 
Tables 23 and 24. In the case of benzene the results withboth meth- 
ods are given, triplicate determinations being made in the case of 
the CUSO4 method. In case of toluene and xylene, only the first 
method, i.e. ,the hydrogen-displacement method was used. After 
equilibrium has been attained (1 hour) the supernatent layer was 
pipetted off and the moisture in the organic liquid determined either 
by the H displacement or the CUSO4 method. 

The results in Tables 23 and 24 are plotted In Figures 29 and 30. 
These constitute the basic curves from which the water content of 
the three liquids could be determined from the relative humidity of 
the moist substance with which they may be in equilibrium. 

Three soils and a sample of silica were brought into equilibrium 
with atmospheres of varying humidity. The equilibrium moisture 
contents of the samples varied a great deal, as will be seen from 
Table 2$. Ten grams of the moist soil or silica were shaken with 
70 cc of the organic liquid for 1 hour at 40®C. Fifty cc of the or- 
ganic liquid were pipetted off and the water content determined by 
the H displacement or CUSO4 method. From the known humidity 
with which the soil was in equilibrium the relative humidity as- 
sumed by it on account of the replacement of the air-water inter- 
face by organic liquid-water Interface was calculated from the 
formula previously given. The water content of the organic liquid 
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/•arresDondina to this calculated relative humidity was Interpolated 
from the curves in Figures 29 and 30. These calculated values 
along with those actually determined are given In Table 26. 

The agreement between the calculated and determined values in 


TABLE 23. Water conteot of benaene iA equilibrium with H 28 O 4 • 

water mlxtsires at 4<y C . 


Relative 

Humidity 

<%) 

1 Mvm. water In 50 cc of bensene 

CU 8 O 4 method 

u displacement 

method 


<a) (b) (e) 


10 

9.0 10.0 10.0 

6.0 

30 

13.5 14.0 13.S 

11.36 

30 

17.0 15.5 16.5 

16.6 

70 

20.5 21.0 21.5 

22.32 

90 

26.5 26.5 26.0 

28.30 

99.7 

38.7 32.0 37.0 

43.30 


TABLE 24. Water content of toluene and xylene In equilibrium 
with H 2 SO 4 - water mixturee at 40^ C. 


Relative 



humidity 

Me water in 50 cc of liquid 

(%) 

Toluene 

Ayiene 

10 

9.76 

8.82 

30 

12.16 

10.86 

50 

18.24 

16.42 

70 

24.00 

20.61 

90 

29.76 

26.21 

98.7 

31.10 

28.98 


TABLE 2$. Moisture content of soils and silica In equilibrium 
with various humidities. 


Humidity 

(%) 

Moisture content (%) 

Silica 

SoU P.C. 66 

P.C. 109 

P.C. 145 

10 

4.43 

0.92 

0.32 

2.87 

30 

8.28 

1.10 

0.68 

4.88 

50 

7.89 

1.17 

0.71 

7.50 

70 

12.54 

1.25 

1.31 

9.23 

90 

24.98 

1.88 

1.78 

12.17 

98.7 

61.96 

2.48 

2.30 

14.80 


each case is fairly close, considering the errors involved in the 
measurements. The results with capillary systems at low humidi- 
ties are especially important in view of the fact that it is at low 
humidities that a difference of opinion exists as to the nature of 
adsorption. Fortunately, the method is actually more sensitive at 
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low hutnidiUes and leaves no doubt as to the nature o£ 
involved, which must be considered to be the same as tho 
volved at higher humidities, namely, capillary condensation. R i 
true that those who consider the forces of adsor^ion . . 

electrical nature might like to bring in a change in the dielectric 
constant of the medium in which the forces operate. But any such 
exDlanation wiU not be capable of mathematical 
nossible if the moisture absorption is regarded as condensation in 
minute capillaries subject to the laws of surface tension so weU 
known in the case of macro- capillaries. 


TABLE 26. CsUcuUUd and fouod values d otolslure in or^udc liquids 
Id equnibrlucs wUh moist soils and sUica kept at different humidities. 


RuUtivu 

BumldltF 

<%) 

1 of watur IB rnUllmm# Id SO ee of twoUt orcvUc liquid 

Buftstna 

(H dlsuUctmant mathodl 

ToluOM 

nt HlftnlacamMl mathodi 


Xplane 

iccmant mathod) 

Soil NO. 1 
146 ! 

(found) 

Silica 

Soil Ho. 
too 

tfOUAd) 

1 

, 8m» ' 

doll 

66 

(found) 

m, 

ra 

(found) 

(caU) : 

(found) 1 

(cDle) 

(found) 

(cale) 

10 

20 

SO 

70 

00 

96.7 

11.0 

14.8 

10.60 

24.02 

92.27 

44.06 

10.8 

1S.2 

22.6 

26.5 
20.9 

41.6 

11.75 

17.2 1 

22.75 
25.06 

21.3 , 
44.46 ' 

1 

10.076 

16.85 

22.02 

27.29 
20.37 

31.29 

10.91 

16.42 
21.06 
27.17 
20.20 

21.42 

12.1 

30.0 
34.2 

26.0 
20.65 
21.52 

10.30 

14.94 

19.96 1 

22.64 

26.91 

27.17 

10.22 

14.06 
19.46 
23.04 
26.52 

27.07 

11.5 

17.6 
21.0 

24.5 

26.6 
27.12 


TABLE 27. Correaponding values of reUtlve humidities of water -air 
and water* ether Interfaces. 


RalDtlva humidity 
WDt«r>Dlr Lotarfaca 

(«) 

RaUllva humidity 

WDtar-athar Intarfaca 

(%) 

5 

65.16 

10 

71.04 

20 

64.14 

50 

00.76 

70 

95.0 

00 

06. S 

99 

00.7 


There is yet another line of attack on the same problem. We can 
study the effect of changes in surface tension by placing soils in 
the joint atmospheres of water and organic liquids such as ether or 
alcohol, one immiscible and the other miscible with water. Ether, 
being more volatile, would condense first in the capillary spaces. 
Since at correspomUng humidities the same capillary spaces are 
Involved, water will have to dislodge ether, instead of air , from the 
interstitial spaces; and thus the surface forces Involved would be 
given by the interfacial tension between water and ether instead of 
the surface tension between water and air, which is the case when 
soils are placed In atmospheres of water vapor alone. Making al- 
lowances for the change in surface tension resulting from the in- 
troAiction of an additional Uquid phase in the capillary spaces, it 
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should be possible to calculate the change in vapor pressure at the 
interface by employing the procedure described before. 

The values of relative humidities for the ether-water interface 
corresponding to different values for the air-water interlace are 
given in Table 27, which can be plotted and intermediate values 
interpolated. The implication of the values given in Table 27 is 
that the amount of water absorbed, for ins^nce, from 71.94% hu- 
midity of water vapors in the absence of ether vapors would be the 
same as that taken up from 10% humidity in the presence of ether 
vapors. Therefore, the amount of ether held up in capillary spaces 
corresponding to a 10 to 71.94% humidity Interval (of water) cannot 
be dislodged by water. Thus soil in equilibrium with combined 
vapor pressure of ether and water vapor, both corresponding to 
71.94% relative humidity of water, would contain ether and water 
held up In the following manner: 


Capillary spaces corresponding 
to 0-10% relative humidity of 
water. 

Filled with water. 


Capillary spaces 
corresponding to 
10-71.94% relative 
humidity of water. 
Filled with ether. 


The amount of water absorbed is interpolated from the moisture 
absorption- vapor pressure curve of the soil corresponding to the 
required humidity (10% In this case) and the amount of ether held 
up can be calculated, since the volume of ether held up in the cap- 
illary spaces mentioned above must be equal to that of the water 
absorbed between 10 and 71.94% humidity. Knowing the latter from 
the moisture absorption-vapor pressure relationship, the weight of 
ether is determined fromthe knowledge of its density. In this man- 
ner the percentage by weight of 'total liquid* absorbed from differ- 
ent joint humidities of water and ether can be calculated. 

The method of calculation may be Illustrated by taking the case 
of P.C. 13 soil when placed in the joint atmosphere of 30% humidity 
of water and of corresponding humidity of ether. 

(a) 30% humidity of water in the presence of ether corresponds 
to 2.5% humidity of water alone (interpolation from data in Table 
27). 

(b) Moisture absorbed from 2.5% humidity of water equals 0.62% 
(interpolated from the vapor pressure curve of the soil). 

(c) Moisture absorbed between 2.5 and 30% humidity of water e- 
quals 3.23% (interpolated from the vapor pressure curve of the 
soil). 

(d) Volume of ether absorbed per 100 grams of soil is equal to 
3.23 cc or the weight of ether absorbed is equal to 3.23 x 0.72, e- 
qual to 2.326 grams. 

Therefore, the total weight of water and ether absorbed per 100 
grams of soil equals 0.62 plus 2.326, or 2.946 grams. The deter- 
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” sTmlS^y, tee “lues oteer soils snd oteer humidities can be 

''^EUlrtsoils were selected and the determinations of vapor 
tion %ere made at 30%, 50% and *^0% of -ater in the 
ether vapors of corresponding humi(Uty (j.e. , 6^, 79% ^d % 
S determined and tee calculated values are .^^en in Table 28^ 
TT^e agreement is seen to be fairly close, considering tee errors 
Srolvfd in an experiment of this nature. The values of moisture 

"table 88. Absorption of vapors by soOs from the Joint at^spfteres 


SoU 

No. 

n c. 

humid: 

Itv 

•M huraldltv 

70* 

1 . humid 


D 

C 

A 

h 

c 

iT 

D 

C 

A 

6 

13 

123 

IM 

167 

212 

227 

29$ 

0.53 

3.14 

l.SO 

0.48 

0.26 

0.40 

0.40 

0.27 

0.62 

2.99 

1.71 

0.74 

0.29 

0.51 

0.43 

0.32 

0.82 

3.85 

2.14 

0.96 

0.38 

0.67 

0.96 

0.41 

6.05 

3.42 

0.9 

0.70 

1.0 

0.85 

0.50 

5.93 

3.43 

1.14 

0.82 

1.12 

0.70 

0.66 

7.75 

4.5 

1.45 

1.10 

1.50 

0.90 

0.85 

8.7 

4.45 

1.35 

1.10 

1.37 

1.25 

0.95 

7.11 

3.97 

1.31 

0.89 

1.56 

1.01 

0.79 

9.0 

5.03 

1.67 

1.15 

2.05 

1.28 

0.96 


D ■ determined 
C • calculated 

A • In the absence of ether vapors 


TABLE 29. Corresponding humidities of water in the presence and 

absence of alcohol vapors. 


EcUtlve humidity 
with water vapor alone 

<%) 

Corresponding humidity in 
presence of alcohol vapore 

<%) 

10 

38.37 

30 

60.53 

50 

74.97 

70 

86.22 

90 

95.72 


absorption from the same humidities in the absence of ether vapors 
were also included In the table for the purpose of comparison. 

Further experiments along similar lines were made with com- 
bined vapors of alcohol and water. Since these two liquids are 
miscible, the only change in surface tension Involved is due to mix- 
ing of two liquids, the new value of surface tension being equal to 
that of water-alcohol mixtures. If alcohol and water vapors are at 
corresponding humidities, we may assume that nearly equal amounts 
of these liquids will condense In the capillary spaces. The surface 
tension of a mixture of equal amounts of alcohol and water is 28.9 
dynes, and its density is 0.926. The values for humidities under 
changed conditions corresponding to those when water vapors alone 
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are present are given in Table 29. These values can be plotted and 
give a smooth curve from which intermediate values can be inter* 
polated. They indicate that the liquid absorbed from say 60.53% 
humidity of water vapors in the presence of alcohol vapors would 
be equal to the moisture absorbed from 50% humidity of water va* 
pors when present alone, and so on. 

The determinations were made on 6 soils at 30%, 50%, 70% and 


TABLE SO. Absorption of vapors by soils from the Joint atmospheres 
of water and alcohol vapors of corresponding humidities. 


Soil 

Ho. 

P.C. 

30% humJ 

dltv 

50% humidity 

msm 

Utv 

■i 

humiditv 

D 

C 

A 

D 

c 

A 

D 

C 

A 

D 

C 

A 

6 

13 

12$ 

154 

167 

212 

227 

296 

0.45 

3.0 

1.65 

0.6 

0.23 

0.35 

0.12 

0.20 

0.26 

1.5 

0.85 

0.4 

0.15 

0.20 

0.21 

0.24 

0.82 

3.85 

2.14 

0.98 

0.38 

0.87 

0.56 

0.41 

1 

0.8 

3.15 

1.75 

0.80 

0.31 

0.5 

0.45 

0.40 


0.9 

5.1 

3.35 

0.75 

0.35 

0.55 

0.4S 

0.40 

1.04 

6.98 

3.52 

1.20 

0.70 

1.08 

0.75 

0.60 

1.27 
9.0 
5.03 
1.87 
1.15 
2.05 

1.28 
0.96 

1.3 

7.7 

5.9 

1.15 

0.5 

0.8 

0.9 

0.6 

1.97 

9.9 

6.6 

2.0 

1.4 
2.2 

1.5 
1.2 

3.3$ 

11.8 

9.95 
2.98 
2.0 
2.60 
2.35 

1.95 


D « Determined 
C s Calculated 

A • In the absence of alcohol vapors 


90% relative humidity of water In the presence of alcohol vapors of 
corresponding humidities, 62%, 77%, 82% and 96%, respectively. 
The results are given in Table 30 together with the calculated val- 
ues, which are nothing but the amounts of moisture absorbed from 
6%, 19%, 42.5% and 77.5% humidity of water vapor alone, which are 
Interpolated from the moisture absorption -vapor pressure curves 
of the various soils. The results show fair agreement between the 
determined and calculated values in the majority of cases. The 
values of moisture absorption from a particular humidity in the 
absence of alcohol vapors are also included in the table for the sake 
of comparison. 

It must be admitted that in these calculations so many Interpola- 
tions are involved that one cannot expect any better agreement. 
Even if the results are accepted as quasi-quantitative, one cannot 
help being struck with their general trend, which supports the cap- 
illary condensation theory of soil moisture. 




















CHAPTER Vn 


BOILING POINT OF WATER HELD IN SOILS 
AT DIFFERENT VAPOR PRESSURES 

The thermodynamic relationship between lowering of the freezli^ 
Doint and rise of the bolUng point is well known. The lowering of 
the vapor pressure consequent upon the absorption of water by soils 
at once leads to the logical conclusion that a corresponding rise in 
the boiling point of the water held in the mlcropores of the soils 
could be expected. The difficulty of measuring the boiUng point of 
the water held by solid can well be Imagined and an apparatus had 
to be designed especially for the purpose. 


rwfti^rtnUon of the Apparatus . w 

The new apparatus Zl) tor measuring the boiUng points and 

vanor pressure of Uqulds consists of a brass box capable of being 
tiaMly closed with a screwed-on lid consisting of a brass diaphragm 
mounted on a massive flange. The brass diaphragm is made from 
a brass sheet 0.22 mm thick by pressing it in a die that produces 
corruaatlons. It is interchangeable and can be replaced by a fresh 
one by unscrewing the flange. After ten to fifteen measurements 
its elasticity shows signs of fatigue; it Is then rejected and replaced 
bv a new one. The cyllnderical brass box has a side tube with a 
stop-cock for evacuating It. On the brass diaphragm is mounted a 
vertical needle the top of which is focussed against.a travelUng 
microscope to recordthe movement ofthe diaphragm due to changes 
In the pressure Inside the box. The whole apparatus is Immersed 
in a paraffin bath which can be gradually heated with efficient sttr- 
riiw. The diaphragm needle has two fixed points, one with the top 
open to the atmosphere and the other when the box is evacuated. 
The intermediate readings, corresponding to different vapor pres- 
sures, are determined by Uqulds of known vapor pressures. 

The boiling point of a liquid is the temperature at which its vapor 
pressure becomes equal to the atmospheric pressure. The tech- 
nique for determining vapor pressure, therefore, Is very simple. 
After placing the substance in the box the zero reading is taken 
with the tap open. The apparatus is then evacuated and the soil bath 
gradually heated unUl the needle again records the zero reading. 
The temperature corresponding to that is recorded as the boiling 
point. 
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The arrangement for taking readings with a travelling micro- 
scope is preferable on an instrument of this nature. A better meth- 
od would appear to be to Incorporate some lever arrangement that 
would work a needle against a graduated dial. Any desired mag- 
nification of the movement of the diaphragm can thus be obtained. 
An arrangement of this nature, however, may be subject to errors 
due to friction, since the entire apparatus has to be heated in an 
oil bath. 



Fig. 31. Apparatus for Deter mlnii^ Boiling Point of Soils 


TABLE 31. Boiling points of various liquids. 


Liquid 

Boiltne mint 

■KSIIH 

Actual 

CC) 

Wster 

100.0 

100.0 

Ethyl alcohol 

78.0 

78.35 

Secondly Amyl Alcohol 

U8.S 

119.8 

Xylene 

136.0 

137.0 

Toluene 

113.0 

110.6 

Benzene 

80.0 

80.1 


Boiling points of a number of liquids were first determined for 
finding the accuracy of the apparatus (Table 31). 


Thermal Expansion of the Apparatus 

To calibrate the instrument it appeared necessary first to study 
the effect of temperature on the rise and fall of the diaphragm. The 
changes In the height of the needle were noted during the gradual 
rise of temperature with the top open (atmospheric pressure) and 
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when the apparatus was evacuated. Obviously the ideal condition 
would be if there was no change in the level of the nee^e 
rise or fall of temperature. The following observations 
show that the change is sUght. The readings were confirmed by 

^^It^appeared that erratic results were obtained without efficient 
fitirrlne. It is, therefore, very important that the apparatus should 
he allowed to attain the temperature of the bath, and this can only 
he done by efficient stirring of the paraffin bath and very gradual 
tiA 9 tifie (a rise of temperature of not more than 1®C per minute). 

The^manner of heating the paraffin bath is Important. A good 
Heal of time was wasted in the first instance when the bath was 
heated with gas burners. It was noticed that as soon as the burner 
was llehted there was a sudden change in the level of the indicator 
needle because the vapor pressure apparatus which was touching 
the bottom of the copper bath took up heat before the paraffin in the 


TABl^ )2. Readings of the empty boUlng point apparatue 
with rise and fall of temperature. 


Temperature 

<•€) 

Beat lag 

Cooling 

28 

22.92 

22.89 

80 

22.92 

22.89 

40 

22.92 

22.89 

50 

22.92 

22.90 

80 

22.93 

22.90 

70 

22.98 

22.92 

80 

28.01 

22.99 

90 

28.08 



bath had time to equalize the temperature. The results appeared 
very puzzling at first, until by a process of elimination the trouble 
was traced to the source of heat, Subsequently this source of error 
was completely eliminated by the use of an electric immersion 
heater. 

The perfection of this apparently simple apparatus entaileda good 
deal of long and laborious work. In the preliminary stages several 
sets of observations had to be rejected when a source of error was 
discovered at a later date. For instance, the liquid or the soil of 
which the boiling point is to be measured must be in close contact 
with the metaUic base of the vapor-pressure apparatus. The failure 
to recognize this fact led to the rejection of a whole series of ob- 
servations with sulphuric acid-water mixtures when it was later 
discovered that the porcelain dish in which the mixture was held 
caused so much lag in the transmission of heat that the boiling 
points were obtained several degrees higher than the theoretical 
values. Curiously enough, the soil was also influenced by the same 
factor, namely the lag in heat transmission. The trouble in both 
cases was removed, in the first case by lead dishes for containing 
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sulphuric acid- water mixtures, which were in immediate contact 
with the walls of the vapor-pressure apparatus, and in the second 
case by using not more than ten grams of the sample spread evenly 
on the bottom of the apparatus. It is very essential that the thick- 
ness of the soil layer should not exceed a few millimeters. 

The thermodynamic relationship between the rise of boiling point 
(T) and relative vapor pressure may be briefly summarized as 
follows: ^ 

T- U^/P) 

" 0.03438 

If this relation could be proved to hold good with soils of known 
vapor pressures, it would constitute a strong evidence in favor of 
the view that moisture in the soils and other capillary systems Is 
held in the micropores subject to the forces Involved In surface- 
tension effects. All moisture right up to the point that this relation 
is found to be true must be reckoned as 'capillary condensed* and 
not 'adsorbed* in any other sense. 

Calibration of the Instrument 

To see if the movement of the diaphragm and hence of the indi- 
cator needle is strictly proportional to the change in vapor pres- 
sure, observations were taken with pure distilled water which was 
gradually heated to the boiling point after evacuating the apparatus. 
The position of the needle at various temperatures as observed in 
the travelling microscope was recorded. These readings, when 
plotted against the known values of vapor pressures at correspond- 
ing temperatures, give a straight-line curve showing perfect cor- 
relation (Figure 32). Boiling points of a number of pure liquids 
and solutions were then determined with this apparatus. The re- 
sults given in Table 33 show that it could be depended upon to give 
reasonably accurate values for boiling points. 

Variation of Vapor Pressure with Temperature 

The boiling-point apparatus appears to be ideal for studying 
changes In the vapor pressure with temperature, since there is a 
linear relationship between the movement of the diaphragm and 
change in pressure. 

The ease with which the vapor pressure of a liquid at the boiling 
point (1 atmosphere] can be determined renders this apparatus ex- 
tremely useful for finding the vapor pressure of Liquids at different 
temperatures. There are two methods of approach to this problem. 
If the vapor pressure of a liquid at ordinary temperature Is known, 
then the movement of the indicator needle will give at once the 
proportionate change In its vapor pressure due to temperature. On 
the other hand, if we determine the boiling point of a liquid, then 
assuming that at this temperature Its vapor pressure is equal to 
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»tninaDherlc pressure in mm of mercury, we can work 
and ol^n Gie vapor pressures at different temperatures 

o£ the needle level. This inslniment, therefore, can be 
ased tor finding the vapor pressure of any liquid at any temp 

hire* 



Fiff 32. Relation Botwoeo MovoBDeiits of DU^ngm and Change of Praasuro 

lo Terms of mm of Moroury 


TABLS S). 


SehiUen 

Molar 

eoaoonmUoa 

ItelaUvo 

boaldKrl 

Obairrtd 

B.F. 

CaloitoUd 

B.P. (C) 


i 

W 

B9 

109 

109 

103.00 

104.0 

aoci) 

n 

11 

ll.B 

S4.« 

199 

190 

195.9 

110.9 

CftCl, 

t 

A 

Bl.S 

117 

110 

110.9 

114.4 


w 

9 

?B.O 

109.0 

100.04 

Hj «04 

O.S 

2 

M 

90.9 

lOO.S 

109 

100.20 

102.95 


4 

70.9 

109.9 

100.04 


S.$ 

so.o 

110.5 

114.4 



90.0 

191 

190.2 



10.0 

190 

195.9 


The vapor pressures of methyl alcohol, ethyl alcohol and xylene 
were determined In this manner, both from their known vapor pres- 
sure at a particular temperature and from the boiling point. The 
results are plotted In Figure 33, along with the known values from 
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'International Critical Tables.* The determined values are re* 
markably close to the known values, thus proving the utility of this 
apparatus. Since the determination of vapor pressures by both 
static and dynamic methods is extremely tedious, the value of this 
simple apparatus will at once be recognized. 

Having established the reliability of the apparatus with pure U* 
quids and solutions, a number of soils of diverse character were 
examined. Some fundamental characteristics of these soils are 
recorded in Tables 34 and 35, to brii^ out the wide divergence in 
their properties. 



Fig. 33. Vapor Pressure of Various Liquids at Different Temperatures 

The soils were brought into equilibrium with sulphuric acid- water 
mixtures of different vapor pressures by prolonged exposure in 
desiccators. Ten grams of the soil of known humidity were then 
spread in a thin layer in the brass cup of the vapor-pressure appa- 
ratus, which was then evacuated and gradually heated. The tem- 
perature at which the indicator needle registered the atmospheric 
pressure was taken as the boiling point of the water In the moist 
soil In every case. 

During the process of heating there is some loss of moisture by 
the soil. This is no more than the amount of vapor required to fill 
the brass cup, and cannot make any appreciable difference in the 
moisture content of the soil. One great merit of this apparatus is 
that the moisture content of the soil or the composition of the solu- 
tion under examination does not undergo any appreciable change 
during the determinaUon of the bolUng point. The relative vapor 
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pressures and boiling points of soiU, both determined and calcu- 
given in Table 36. of a 

^ Irrespective of the nature of the soD or its 

particular humidity, the boiling point is a funcUon of the vapo 

TABIaE 34. Single-vaaue con9Unt£ of soils used in 

▼apor-pressure studies. _ 


Soli Ho. 

P.C. 

Clsy % 
.002 mm 

UUra CUy % 
.0001 mm 

6 

28.4 

16.9 

13 

60.3 

41.0 

78 

45.9 

11.4 

123 

35.5 

30.2 

141 

54.S 


145 

62.2 

60.1 

161 

41.1 

26.6 


I Eifhai^able bases (m.e./ 


Ca 


6.3 

55.6 

14.0 

15.0 
50.4 

54.2 

34.2 


Ns plus k 


1.0 

3.3 

l.B 

n.4 

1.0 

3.6 

1.0 


on 9 fd soil) 


5.20 

8.S3 

6.30 

6.92 

9.03 

6.80 

7.66 


TABLE 3$. Moisture staorpUoB ol soUs at dllierent humidities. 


Soil No. 
P.C. 

10% 

30% 

Mniatu 

50% 

irn at 

70% 

90% 

99% 

6 

13 

1.06 

1.43 

1.79 

2.78 

4.32 

7.51 

4.10 

7.34 

8.59 

11.07 

12.89 

16.79 

a v 

78 

0.06 

1.2 

2.01 

2.43 

4.07 

6.43 

1 w 

123 

141 

0.74 

3.31 

4.35 

7.26 

10.83 

14.32 

1.59 

3.11 

8.40 

9.87 

11.33 

13.66 

a m A 

145 

2.86 

4.58 

7.46 

9.19 

12.05 

14.58 

a^ V 

161 

1.14 

2.28 

3.18 

4.54 

6.18 

9.55 

a va 

silica 

8.99 

18.25 

24.97 

30.08 

39.05 

61.0 


TABLE 36. Boiling point of soils at different vapor pressures. 


Soil Ho. 
P.C. 

no 

10% 

31» 

R Rt var 
50% 

70% 

90% 

99% 

a 

127.0 

120.0 

114.0 

106.5 

104.0 

100.0 

13 

126.6 

123.0 

116.0 

108.0 

104.0 

lOO.O 

a V 

72 

126.5 

181.5 

118.5 

107.5 

104.0 

100.0 

123 

135.5 

119.5 

116.0 

107.0 

103.5 

100.0 

a 

141 

126.0 

120.0 

114.0 

106.5 

101.0 

100.0 

145 

125.0 

119.0 

113.5 

100.5 

102.5 

lOO.S 

161 

127.0 

124.0 

115.0 

106.0 

104.0 

100.0 

SlUca 

184.0 

119.0 

114.0 

107.0 

101.0 

99.5 

gaicuiatad" 

B.P. 

125.92 

120.2 

114.4 

108.6 

102.9 

100.3 


pressure and the calculated values of boiling poinU from thermo- 
dynamic relationship are almost exactly equal to the experimentally 
determined values for all soils at all humidities down to the lowest 
value, at which the size of the micropores is of the order of only a 
few molecules. These results are of far-reachii^ consequence and 
would leave no doubt that beyond perhaps a monomolecular layer 
all moisture in the soil must be considered as capillary condensed. 



CHAPTER Vm 


HYSTERESIS EFFECT IN CAPILLARY MOISTURE 

As stated before, there exist two distinct series of equilibrium 
values between moisture content and pressure deficiency or relative 
humidity, both for capillary and for hygroscopic moisture, which 
correspond to the two directions in which the moisture changes can 
be carried out. The moisture content in both cases is always higher 
when the state of equilibrium has been reached from the wetter 
state than when reached from the drier state. The “drying* and 
^wetting* curves form two distinct series, which can be reproduced 
any number of times by alternate drying and rewetting. This simi- 
larity in the behavior of capillary and hygroscopic moisture is the 
first indication that the two are essentially alike, and that in the 
case of hygroscopic moisture we are perhaps dealing with capillary 
condensation. The hysteresis effect is a necessary concomitant of 
variations in capillary moisture. Experimental proof for the exis- 
tence of the two series of equilibrium values constituting the hys- 
teresis loop has already been given. The theoretical justification 
has been developed by Haines and is given below in his own words: 

“Let US consider the simplest case of a cellular capillary tube, 
that is, one which has regular constrictions of diameter at inter- 
vals along its length. Such a tube is depicted in Figure $4. The 
film shape of an air-water interface in this tube will always approx- 
imate a hemispherical meniscus, giving rise to a suction or pres- 
sure deficiency on the water side of the film of a magnitude de- 
pending on the diameter of the tube according to the well known 
formula p » 2r/r, where T is the surface tension and r is the radi- 
us of the tube at the point where the meniscus stands. Suppose 
such a tube is to be set in water and slowly raised. The length of 
the water column will gradually increase, the meniscus maintain- 
ing equilibrium by moving slightly into the narrowing section of 
the tube, which movement Increases the curvature of the meniscus 
till it reaches the narrowest part of the waist in the tube, when we 
have the maximum height of column (hj) which can be sustained. 
The position is now unstable. A slight further movement of the 
tube causes the meniscus to move to a place of increasing diam- 
eter and decreasing suction, so that it slips down to the next narrow 
place or waist, evacuating In this movement the water from one 
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For a conUnued rise of the tube the meniscus will make 
Swe jumps periodically, lU hei^t meanwhile rtslng 
falling abroptly betweentwo values which differ slightly, the differ 
Hfinendinc on the len^ of the unit cell. . 

•SumSse now that the direction of movement of the tube be re- 
varseSrThe meniscus falls with the movement of the tub^ 
modatine itself to the reduced pull of the water column by a slight 
mo^xnent into the wider part of the tube. When it reached the 



Fig. 34. W8« and FaU of Water Id a CalluUr CaplUary Tubo (Haines) 

widest part it is again unstable, since It Is now in a region of de- 
creasing diameter or Increasing suction. The meniscus, therefore, 
gives a jump upward through the waist to a corresponding position 
in the next cell. Then ensues a series of changes e^ctly like the 
previous series, except that the height of the column in the tube 
oscllUtes sUghtly about a hei^t, h2» ^Wch is considerably lower 
than in the other case. The tube, therefore, shows two main suction 
values according to whether it Is being filled with, or emptied of 
water, the two values corresponding to the maximum and minimum 
diameters of the tube. Although the pore-space of the soil has a 
more intricate character than this simple tube, yet it shows the 
same essentials in its behaviour.* 
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McBain, without referring to Haines* work, apparently quite in- 
dependently, put forward a somewhat similar exp^nation. The es- 
sential feature of the pores in both cases is that larger cavities 
are accessible only through smaller channels or orifices, Rao in 
a series of papers has accepted the explanation of cavities with 
constricted ends, and has proved the permanence and reproduci- 
bility of the hysteresis loop in the sorption of water and carbon 
tetrachloride on titania, silica and ferric oxide gel. During a series 
of sorptions and desorptions of ferric oxide gel a certain amount 
of drift was noticed in the hysteresis loop; this is ascribed to a 
progressive widening of the cavities, and their necks. It is also 
assumed that the tall end of the hysteresis loop can extend up to 
zero pressure only if there are in the porous adsorbent cavities 
having necks of molecular diameter. This tacitly assumes that 
capillary condensation extends down to capillaries of molecular 
dimensions • an assumption that is not accepted by McBain, who is 
inclined to associate the entire phenomenon of capillary condensa- 
tion with moderately high relative humidities. 

To explain the phenomenon of 'drift* with other changes of the 
hysteresis loop in the sorption of water on ferric oxide gel, Rao 
and Theruvenkatachar advanced the theory of the coalescence of 
the particles of the porous system accompanying successive sorp- 
tion and desorption. In support of this theory a mathematical for- 
mulation has been made which relates the cavity volume with parti- 
cle radius. The formula indicates that, mass remaining the same, 
the total cavity volume decreases as particle radius Increases. 
Since it is the cavity volume that is supposed to determine the 
magnitude of the hysteresis effect, the latter would be greater in 
fine-textured soils than in coarse sands. This conclusionis capable 
of verification and, as will be shown later, there appears to be no 
relation between the mean diameter of soils and silts and the mag- 
nitude of the hysteresis effect. 

The essential feature of the argument advanced by Haines and 
others is the cellular structure of the pores, given by an assem- 
blage of grains which have mainly convex surfaces. They argue 
that in whatever irregular a fashion the cross-section of the pores 
may vary, the whole system must be like a network composed of 
wider cell- like spaces communicating through narrower channels 
which, when stretched out in a sii^le row, exhibit in a simplified 
form the capillary properties of such a pore space. Similar rea- 
soning, therefore, would not apply to an assemblage of capillary 
pores not communicating with one another and each having an in- 
dependent existence. Nor would it apply to a single capillary tube 
or a bundle of tubes. 

This is a serious drawback in the whole line of argument, even 
granting that all capillary systems would probably conform to this 
pattern. For this purpose we shall take the simplest case of a 
capillary tube full of liquid, the lower end of which is connected 
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through a rubber tube to a burette eacactly as in the 
^eLribed before (Figure 35). With this apparatus ‘^^njollow 
toe changes in the level of the Uquld in the caplUary tube when the 
hnr^tte tube is gradually lowered and raised, 

The results of an actual e:q>eriment with a capillary tube of 0.154 
mm diameter bore are plotted in Figure 36. The applicaUon of 
nressure deficiency results in no movement of water in the <»pil- 
larv tube until the burette tube has been lowered by a distance 
h - 2 T/r where T is the surface tension of the liquid and r the 
ra^us of the capillary tube. Henceforth any lowering of burette 



Fig. 35. Apparatus for Findiog HyalaresU Effect in the Rise and Fall 

of a Uquld In a Capillary Tube 


tube Should theoreUcally result in a corresponding decrease in the 
level of the Uquid in the capilUry tube. When the zero mark in the 
capillary tube has been reached, the burette tube is gradually raised 
stepwise. In the absence of any hysteresis effect the rise of liquid 
level should retrace on the same line; instead of doing so, it shows 
a well defined hysteresis effect, which can be reproduced backward 
and forward as many times as one likes. In an actual experiment 
using kerosine this was done four times and as will be seen from 
Figure 37, the hysteresis loop is reproducible. 

The followii^ liquids were next tried: kerosine, glycol, glycerin, 
aniline and Liquid paraffin. The capillary tube used was 30 cm long 
and hada bore of 0.154 mm diameter. It was connected to a burette 
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tC0£RiffO OF THC BURFTTZ 

Fig. 36. Change to Liquid LeTel In a Capillary Tube 


4$1 


HYSTERESIS EFFECT IN CAPILLARY MOISTURE 

tube through a pressure tube In the c^lUarimeter. The 
obtained in the case of various liquids are plotted in Figures 3o, 
^9 40 and 41- The magnitude of the hysteresis effect for purposes 
of comparison may be obtained by taking the ratio of the areas to 
the left of each of the falling and rising areas. The higher the ratio 
the greater the hysteresis effect. When the ratio is 1 there is no 
hysteresis effect. These ratios in the case of various liquids are 
elven In Table 37. 

It aDoears that there Is no correlation between the magnitude oi 
the hysteresis effect and physical properties of a liquid, such as 
surface tension and viscosity, though there is a slight Indication of 



Fig. 37. Reproducibility ot Interests Effect with Kerosene Oil in s 

CsplUftry Tube ot 0.13mm DUmeter 


an increase in the ratio with increase in viscosity. 

These experiments afford a very simple explanation of the hys- 
teresis effect in capillary systems. It can be due only to the fric- 
tional resistance between the walls of the capillary and the risii^ 
or falling liquid, and its magnitude must be a function of the con- 
tact angle, the wettii^ power and the viscosity of the liquid, or the 
shearing stress of the molecules. The variations in the contact 
angle with the advancing or receding capillary front were observed 
by Rayleigh as early as 1890. This variation was explainedby Adam 
and Jessop as due to friction of the liquid on the solid. They showed 
how its effect on the measurement of contact angle can be elimi- 
nated by taking two measurements: one when the liquid is on the 
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Fig. 39. Hysteresis Effect vltb AdIUiw In a Capillary Tube of D.lBmm Diameter 
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fif Advancing and one when it is on the point of receding. Tl^ 
Se^^ thTtwo^ues is taken as the measure of the contoct 
TrttrXs U is assumed that the contact angle Is zero only if the Uq 
Sd ts reeled. With the advancing capillary front the conUct 


o -CtMAtOO CMM 
m mmyrnt ew>r« 




Fig. 40. BreUresie Effect with Glyeercne in n CnpiUary Tube of 

O.lSmxD Dlniaeter 



A.0wt00** rmt ^00wrrw 

Fig. 41. Hysteresis Effect with Paraffin Liquid in a Capillary Tube of 

O.lSxnm Diameter 

angle may assume finite values, and that is why in the measure- 
ment of surface tension the capillary height is measured with a 
falling meniscus. 
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Rroeriments with Ca miiarY Having Blown^tn Bulbs 

In order to simulate the conditions existing In capillary tubes 
with structure of the type described by Haines (Fig, 34) e^qjerl- 
ments were conducted with a capillary tube of 0.67 mm bore, hav- 
ing bulbs blown in between at intervals of about 2,7 cm. The first 
bulb was 7 cm from the top. The capillary was filled with the liq- 
uid up to the top and the liquid in the burette tube was adjusted at 
the same level. The burette was then gradually lowered and the 


TABLE 97. Magnitude of hreterlalB effect in a capillary tube 

with wloua liquids. 


Liquid 

Araa (a) 
left of 

curve 

Area (b) 
left of 

rlelnc curve 

RaUo 

a/b 

1. WaUr 

469 

491 

1.111 

2. Karosine Oil 

$29 

299 

1.114 

S. Glycol 

999 

278 

1.182 

4. Aimioe 

999 

911 

1.9707 

S. Glyearaaa 

978 

226 

1.299 

e. PanfflA Uquld 

990 

943 

1.140 


corresponding reading of the liquid in the capillary tube was ob- 
served by means of the cathetometer as before. The falling as well 
as the rising curves in the case of water and keros ine are shown 
in Figures 42 and 43. 

In the falling curve* the line AB represents the region in which 
the liquid transference from the capillary portion to a bulb takes 
place; from B onward the liquid again falls into capillary tube. In 
the case of ^rising curve*, the region BA denotes the position and 
behavior of the liquid in the various bulbs. As soon as it reaches 
A, the liquid suddenly shoots up into the capillary tube till it again 
enters the next bulb at B. It will be seen that points 6 along the 
rising and falling curves more or less coincide, i.c. , the points at 
which the liquid transference froma capillary to a bulb takes place, 
whether going up or coming down, are almost identical. Hysteresis 
effect, therefore, is limited to the positions when the liquid falls 
from capillary into bulb along the ^falling curve*, or rises from 
bulb into capillary along the "rising curve*. The presence of cel- 
lular structure, therefore, is not necessary to explain the hystere- 
sis effect in capillary tubes. 

Since mercury does not wet glass and has a contact angle greater 
than 90^, the hysteresis effect in this case must be in the opposite 
direction. This is actually the case, as will be seen from Figure 
44, in which a capillary tube of 0.164 mm bore was used. 

That the contact angle has a profound influence on the relation 
between pressure deficiency and percentage saturation on the pores 
in capillary systems is indicated in Figures 44 and 45, in which the 
effect of greasing the sand particles on capillary moisture rela- 
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tlonshiP Is shown. It must be remembered that the , 

2tA relating pressure deficiency to surface tension and radius of 


MfM* daen* 


iiscmin ixnirTTw 

Fig. 42. HystareslB Etfect with WaUr in a Capillary Tube with Bulbs 
^ Blown In Between 


fAtLmS GVI^^ 
cvfirt 


i # m tt u a /A tf m f7 

L^WZRIHC THC 3t¥f£rr£ 


19 ff rc n t» u f4 tS i* 


Fl«e 43. Hysteresis Sftect with Kerosene Oil in n CapllUry Tube with 

Bulbs Blown in Between 

the capillaxT tube is true only in the case of liquids having a con- 
tact angle equal to zeroe The general relationship p = 2T/r coso 
in that case is reduced to p * 2r/r, since cos o is equal to unity. 
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CM)vlousl 7 when ohas a floite value the moisture distribution must 
be correspondingly affected. 



Fig. 44. Hyetereeie Btfect with Mercury Usltig Capillary Tube of 

O.lSmm Diameter 



Fig. 43. Pressure Deficiency •Percentage Satoratloa Curves of Sand 

Before and After Greasing 

As a matter of fact, since this relation has been shown to hold 
good in the case of soils and silts of varying diameter, provided r 
is taken as the mean radius of the capillary pores, the 'entry val- 
ue* or the 'break point* In the capillarimeter could be used for 
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measuring the conUct angle of a Uquid with respe^to a powder. 
This aspect of the question is discussed in Chapter DC. 

It clear from the discussion in the foregoing 

te«^s effect is a fundamental property of capiUary absorption of 
liouids; and the fact that both capillary and hygroscopic 
show this phenomenon is proof that both relate to similar surface 
tension effects, and that moisture absorption from the va^r phase 
at different humidities is due to capillary condensation in "jicro- 
Dores down to molecular dimensions. The nature of the moistore 
^sorption curves where micropores are involved is in no way 
ferent from pressure deficiency - percentage saturation curves 
where macropores are involved. The caplllary-pressure curves 
cover only a fraction of the range of the vapor-pressure curves, 
toough both are subject to the same laws of capillarity. It hM been 
ghotm (Figure 17) that the capillary-pressure curve can be ^Iculated 
from the size distribution of particles and the laws of capillarity. It 
has also been shown that the vapor-pressure curve canbe calculated 
from the size distribution of particles, and conversely that the me- 
chanical analysis of particles down to as low as 10-®-5cm can be 
calcuUted when the vapor pressure curve Is known. 

Whatever explanation of the hysteresis effect is accepted, it can- 
not be denied that this phenomenon must be associated with capil- 
lary condensation; and since it is of a general nature, irrespective 
of ie nature of the liquid or the absorbent, the absorption of vapors 
of liquids in porous bodies must be ascribed to capillary condensa- 
tion down to pores of molecular dimensions. Any explanation ba®M 
on residual valencies or monomolecular layers must be rejected, 
as such valencies must be specific. Unless we mean something 
quite different from the valencies associated with chemical reac- 
tions, we shall be hard pressed to visualize them in terms of any- 

* ^ the^ctual mechanism of the hysteresis effect is not vital to 
the line of agreement adopted in this chapter, no attempt has been 
made to review the various theories pertaining to this phenomenon, 
as practically every one Is agreed on the point that the hysteresis 
effect is only associated with capillary condensation. It is interest- 
ine to note, however, that Rao, who has made an exhaustive study 
of the phenomenon and has reviewed all the previous work on the 
subject agrees that *the explanation based on friction in contact 
ai^le, however, though obscure, can account, probably in all cases, 
for the hysteresis effect and its reproducibility*. 

It must be admitted that the explanation of cellular structure of 
the capillaries with narrow necks, though suitable for moisture ab- 
sorption in the Uquid state, would amount to over- stretching the 
analogy in the case of absorption from the vapor phase; and in view 
of the clear experimental evidence that a straight capiUary tube of 
uniform bore shows this phenomenon, which is in no way different 
from that observed in the case of powders or gels, it would be un- 
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necessary to resort to any es^lanatlon other than the very simple 
one presented in this chapter. J£ It is argued that the friction in 
the contact ai^le is due to the fact that the surface of the capillary 
tube is not clean, it might be pointed out that no absorbent surface 
could be expected to be clean and friction in the contact angle could, 
therefore, be expected in every case. 

That contact ar^le plays a very important role in determining the 
magnitude of the hysteresis effect Is shown by moisture absorption 
results with stearates, myrlstates and urates. These compounds 


TABL£ 38. Moisture co&tenU of stearates, nyrlstates, and urates tn 
e^iuillbrluiii with different bumldlUes (wetting and drying values). 



Unianire nercentare 

10.4% 

30% 

$0% 

71.4% 

90.9% 

96.7% 

Sr Stearate 

<i) Drying 

0.0 

0.0 

0.0 

0.0 

1.23 

20.65 


(li) Wetting 

0.0 

0.0 

0.0 

0.0 

0.0 

3.56 

Ca Stearate 

(1) Drying 

0.0 

0.0 

0.0 

2.05 

2.93 

5.10 


(U) Wetting 

0.0 

0.0 

0.0 

0.0 

0.0 

0.98 

Ba Stearate 

(i) Drying 

0.0 

3.3 

8.23 

8.97 

9.06 

19.26 


(U) Wetting 

0.0 

0.0 

1.23 

3.16 

3.0$ 

4.$8 

Na Stearate 

(1) Drying 

0.0 

0.0 

0.0 

1.92 

2.36 

1.97 


(tn Wetting 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

Sr Myrlstate 

(i) Drying 

0.16 

i.23 

2.07 

9.3$ 

l$.6l 

28.12 


(11) Wetting 

0.0 

0.0 

0.0 

1.90$ 

3.67 

7.25 

Ca Myrlstate 

(I) Drying 

0.0 

0.0 

0.0 

0.0 

9.7S 

21.60 


(il) Wetting 

0.0 

0.0 

0.0 

0.0 

2.71 

6.52 

Ba Myrlstate 

(i) Drying 

0.0 

0.0 

0.9$ 

4.76 

5.20 

7.16 


(11) Wetting 

0.0 

0.0 

0.0 

0.0 

0.0 

0.29 

Ca Urate 

(i) Drying 

0.0 

0.0 

12.3$ 

11.97 

17.97 

21.21 


(ii) Wetting 

0.0 

0.0 

1.36 

2.90 

2.56 

4.78 

Ba Urate 

(1) Drying 

0.1$ 

0.33 

2.96 

3.12 

11.41 

41.46 


(11) Wetting 

0.0 

0.0 

0.0 

0.16 

1.82 

6.76 

Sr Urate 

(1) Drying 

0.0 

0.0 

7.60 

11.9$ 

17.67 

26.40 


(11) Wetting 

0.0 

0.0 

0.32 

3.10 

$.6 

6.20 


are known to have a high contact angle with water, The stearates 
and myristates were preparedby first precipitating the correspond- 
ing fatty acids from alcoholic solution by adding them to water in a 
thin stream under violent stirring. Fatty acids, when precipitated 
in this manner, are obtained in a molecularly dispersed state so 
that they can be neutralized with alkalies like any other soluble 
acid. The various salts were prepared by neutralizing with equiv- 
alent amounts of alkalies. The salts in the wet sUte were dried at 
various humidities, and after drying were allowed to absorb mois- 
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♦nre at various humldittes. The two sets of values correspon^ng 
S the drying and wetting curves are given in Table 38. It will be 
«een that there is enormous difference in the two sets of values. 

It is to be remembered that though the magnitude of the hystere- 
effect may differ In different substances, the phenomenon is oi 
a general character and common to all substances possessing a 


TABLE 39. Hysteresis In moistare absorpUon-vapor pressure 
reUtlonshlps o! different subetances. 


Moisture absorbed from 


i<r% 


1 Coconut charcoal Drying 

■ ZnCl2 Wetting 

2 Pistachionut Drying 

charcoal ZnCI^ Wetting 

treated 

3. Pistachionut Drying 

charcoal heated Wetting 

•10 600 C 

4. Filter paper Drying 

ordinary Wetting 

5. Hay Drying 

Wetting 

3. COo activated Drying 

coconut hush Wetting 

charcoal 

7. Charcoal from 

ZnCU treated Drying 

coconut shell Wetting 

before carbo- 
nisation 

6. Decolorising char* Drying 

coal (a coxnmer- Wetting 

clal product) 


6.34 

4.66 

4.96 

3.66 


2.9 

0.63 


O.S 

0.17 

1.62 

0.66 

3.46 

1.66 


1.40 

0.92 


4.3 

0.67 


different 


30% 


9.61 

6.67 

6.22 

6.79 


3.6 

2.07 


0.59 

0.46 

4.1 

2.9 

7.10 
4.92 


7.40 

6.36 


9.8 

6.60 


humidities 


60% 


71.9% 


12.26 

11.00 

6.11 

7.44 


6.30 

6.19 


2.12 

1.7 

e.i 

4.9 

11.4 

9.33 


6.78 

6.79 


26.6 

17.50 


13.10 

11.92 

9.69 

9.50 


14.20 

9.78 


3.1 

2.6 

9.12 

7.47 

16.7 

13.66 


9.09 

6.94 


46.6 

44.30 


90.9% 196.7% 


16.61 

16.69 

11.70 
11.23 


26.10 

26.32 


9.36 

7.6 

22.01 

19.20 

36.9 

42.71 


10,70 

12.16 


61.80 

81.66 


capillary or cellular structure. The results of moisture absorption 
at various humidities for a few more substances are given in Table 
39. A definite hysteresis effect is brought out, as expected. 

The existence of the phenomenon of hysteresis in vapor pressure 
- moisture absorption relationships of all substances with cellular 
structure is a strong argument in favor of the capillary condensa- 
tion theory. 







CHAPTER DC 


MOISTURE ABSORPTION AS INFLUENCED 
BY CONTACT ANGLE 

Liquids rest on solids at a definite angle» known as the contact 
angle, Its magnitude determines the relative strengths of the ad- 
hesion of the liquid to the solid, and to Itself. H the contact angle 
is zero the liquid attracts the solid as much as or more than it at- 
tracts itself. A contact angle of 90® Indicates that the attraction of 
liquid for solid is half that for itself, and an ai^le of 180 ® would in- 
dicate no adhesion between liquid and solid. An angle of 180® is not 
possible in practice, as there is always some adhesion between a 
solid and a liquid. 

Contact angles have received very little exact study for the very 
simple reason that they are rarely, If ever, quite definite, the val- 
ues generally lying between two extremes. These variations are 
due to the frictional resistance of the liquid against the solid and 
have already been referred to In the discussion of hysteresis (Chap- 
ter vni). 

The simplest method for determining the conUct angle is to 
measure the height of rise of the liquid In a capillary tube of the 
solid, and then apply the following well known relation: 

. ^ 2V cose (A) 


where h « height of rise of liquid 

g s acceleration due to gravity 
r s radius of the tube 
D s density of the liquid 
yj s surface tension of the liquid 
Q s contact angle 

The application of this equation in the case of soils, silts and 
sands has been shown in Chapter m. ft has been proved that cellu- 
lar capillaries which are neither straight nor of uniform diameter 
can be replaced by a single capillary having a diameter equal to 
the mean diameter of all the capillaries operating. Thus r in e- 
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nuation (A), which may be termed equivalent radius, may be d^r- 
Sd by measuring h with a Uquld which is known to wet the t»w 
Sr OTmpletely (6= zero!. Measurement of h with Jhe capllUri- 
meter hM already been eaqjlained. Ithas been shown thatthe capil 
SS height of a Uquld in the interstices of sand or soi equals ^e 
pressure deficiency against ^hich the Uquid can be held In the in- 
terstices. 


TABLE 40. Co&tMt ueles of various Uqolds with sands 

of liferent grades. 


Mean diameter 
of sand 
particles 
(mD> 

Alcohol 

Contact ar 

Kemtlne 

tfle with 

Capillary pull 
in water (h) 

(cm) 

0.66 

0 

0 

17 

0.411 

0 

0 

24 

A A 

0.366 

0 

0 

26 

A A 

0.30S 

0 

IT* 60' 

$3 

0.286 

0 

tv O' 

36 

0.217 

0 

31*46* 

46 

0.184 

18* 38* 

26* 48* 

64.3 

0.160 

31* 42* 

38* 12' 

62.5 

0.104 

12* 

31*64' 

86 


TABLE 41. Contact angles of various liquids with silica 

of different grades. 



Capillary 

height 

cm 

Contact angle 

Deacrlptloa 

Keroalne oU 

Alcohol 

Freahly preeiplUted 

37 

53*48* 

34*6* 

Ground In peaUe and 
moisture for one hour 

68.3 

84* 64* 

35* 36' 

Ground in a colloid 
mill for one hour 

76 

67* 42* 

80*48* 

Ground In a colloid 

120 

81*6* 

58* 18* 


In the first instance the angle of contact was measured with sands 
of different grades, as well as ground and unground silica, using 
alcohol and kerosine as the contacting liquids. The results are giv- 
en in Tables 40 and 41. ..u 

It will be seen that contact angle depends not only on the nature 
of the liquid but on the size of particles. The results are plotted 
in Figure 46, from which it is clear that there is perhaps a critical 
diameter of particles below which the contact angle assumes a fi- 
nite value. There is, however, no correlation between the size of 
particles and the contact angle beyond a vague indication that with 
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decreasing diameter the value of the contact angle increases. It is, 
however, not unlikely that there may be several maxima and mini- 
ma. In any case the relation is much more complex than might ap- 
pear at the surface. 



Fig. 46. ReUtlon Set«e«n Contact Angle and 8Ue of Particles 


TABLE 42. Beat of wetting, contact aaglee and densities of 
silica with different liquids. 


Liquid 

Heat of wetting 
(calories per iOOgn.) 

Contact angle 

Water 

18.2 

0 

Beosene 

16.5 

9® 86' 

Keroslne oil 

8.25 

53® 48' 

Alcohol 

15.9 

34® 6* 

Acetone 

16.8 

0 

Glycerine 

15.7 

26® 42* 


These results are very important In explaining the lower heat of 
wetting obtained with certain liquids as compared to water. Obvi- 
ously in such cases the liquid is unable to enter the finest capil- 
laries, or there is imperfect wetting. This will be clear from 
Table 42, in which are given the heat of wetting for dry silica with 
respect to various liquids aloi^ with the contact angles. It is clear 
that when the contact angle is high, causii^ imperfect wetting of 
the capillaries, the heat of wetting is low. The results, however, 
are not capable of any quantitative interpretation for obvious rea- 
sons. 

The fact that contact angle for the same substance depends on 
particle size is of far-reaching consequence. It offers at least a 
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explanation of the well known differences in the moisture 
^hsArotion and heat of wetUng of the same substance with respect 
tn various liquids, tt also explains the possible effect of *act^- 
fiftn* on adsorption, which may consist only in the alteration of the 
contact angle. It may throw light on curiously shaped adsorption 
isotherms which do not fit any theory or equation. 

It is true that the explanation is of an omnipotent character, and 
as such may be called an admission of ignorance of the laws of ad- 
Qorntlon. It must be admitted, however, that any explanation of ad- 
sorption based on residual valencies and mono- or polymolecular 
layers would hardly account for such enormous differences in the 
nature of adsorption, even in its qualitative aspects. Variations in 
the contact angle, on the other hand, are capable of experimental 
demonstration, and it is no strain on the Imagination to suppose 
that these variations play a decisive role in determining the nature 
and extent of adsorption. 

As pointed out above, the results so far obtained are capable of 
only qualitative Interpretation; measurements of contact angle can- 
not be carried out on particles finer than 0.05 mm diameter, and in 
actual absorbents we are dealing with much finer particles. It Is 
significant that In an attempt to correlate the physico-chemical 
properties of the activated earths with their decolorizing property 
for oils, it was found that the finest particles were inert in this re- 
spect. This was attributed to the impossibility of the oil's entering 
the finest pores. Such a result is easily comprehensible in the 
light of what has been said in the foregoit^. namely an increase in 
the value of the contact angle as the particle size decreases. 


Contact Angle of Water with Organic Compounds 

Water is known to form contact angles up to 105® with organic 
compounds; greater angles than this have not been established with 
certainty. Adam and Jessop have used contact angles to explore 
molecular orientation at solid surfaces. Working with long- chain 
acids and alcohols they showed that the outer surface of these con- 
sist of hydrocarbons when solidified naturally; the contact angles 
had high values and were the same in every case. 

If a cut was taken with a knife through the solidified mass, the 
contact angles of the surfaces so exposed proved to be variable. 
This was attributed to the fact that cutting through the interior ex- 
posed a variable number of water -attracting groups. The variation 
in the results on the cut surfaces of the acids and alcohols is in 
perfect accord with the crystal structure of these substances; and 
the character of the cut surface depends on the direction which the 
knife takes relative to the sheets of molecules which constitute the 
crystal. If it travels parallel to these sheets, it will pass between 
them, exposing only hydrocarbon groups, so that the contact angle 
will be about 105®; if it travels perpendicular to them, one water- 
attracting group will be exposedfor each molecule, or every fifteen 
CHo or CH3 groups. 
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It is also noticed that only a small proportion of active water- 
attracting groups is sufficient to effect a great increase in the at- 
tractive power lor water. These measurements of contact angle 
were made on these substances in the form of sheets, and all at- 
tempts to obtain a surface with all the water -attractlr^ groups ori- 
ented outward by crystalllaing them on a water surface failed. Not 
only do powders present a larger surface, but it is oossible to pre- 
pare oriented surfaces In that case. For instance, stearic acid can 
be obtained with all its carboxyl groups on the surface by precipi- 
tating It from an alcoholic solution added in a thin stream to water 
under violent agitation. Similar results are obtained if an emulsion 
of molten stearic acid in water kept above its melting point is slowly 
allowed to cool. The emulsion is kept violently stirred during cool- 
ing to prevent the particles from coalescing. The stearic acid pre- 
pared by either of the two methods is capable of being titrated by 
alkalies In the cold, using phenolphthalein as indicator. Evidently 
In this case all the water-attracting carboxyl groups are on the 
surface. 


TABLE 49. CooUct ao<l*« ot vitar with itMTle %eld 
pr«p«r«4 is Cttfereot mr*. 


Steftrlc 

Add 

Mapi4 

htl^ vitfa 
Alcobd 
(cm) 

CooUct UtfU 

W«U»otk4d 

Wawr 1 r4»IU7 
sprinkled 

A 

19.9 


• • 

B 

12.9 

4H94' 

90*0' 

C 

99.0 

90»19* 

01«90* 

D 

49.0 

44* 51* 

or 40* 


It was of interest to compare organic compounds In the form of 
powders prepared in different ways to study the Influence of polar 
groups on conUct angle.. The various compounds are discussed 
under their appropriate headings. 

Stearic acid: 

The following samples of stearic acid were examined: 

A: Ordinary commercial stearic acid (6S®C: iodine value, 3-6) 

B: Stearic acid crystallized from benzene under violent stirrli^. 
C: Stearic acid crystallized from alcohol under violent stirring. 

D: Stearic acid obtained by cooling a hot emulsion in water under 
violent stirring. 

The contact angle of each was determined by using alcohol as the 
liquid, giving zero angle. The contact angles with water in the case 
of different samples are given in Table 43. 

It will be seen that when the stearic acid is well soaked there is 
not much difference In the contact angles of the various samples. 
However, when the soaking is not complete, not only has the con- 


moisture absorption and contact angle 445 

tact angle a higher value, but the difference between indivi^al 
^mnles is much greater. This is evidently due to locked-ln ^r, 
Sie results have no more significance than pointing out the de- 
of thorough so^ng before determining contact angles, 
Tn view of the slight differences in the contact angles of the various 
amnles it is evident that the orientation of the molecules on the 
surface of the soUd has very little effect on the conUct angle in 


rn the experiments detailed above there Is one snag which is wor- 
frhv of note. The size distribution of particles in the various sam- 
nles of stearic acid may not be the same. As we know that contact 
anffle is influenced by particle size, a comparison of the results Is 
iikelv to be erroneous unless we know the average diameters of 
rAfticles in each case. As a matter of fact, this was actually de- 
termined with alcohol, which is assumed to give zero conUct 
hut the values are by no means the same In every case, as will be 
seen from Table 43, in which these values are Included. However, 
unless we know the relation between the meap diameter of the par- 
ticles and the contact angle in every case wl can not very well put 
down the variations, if any, as due entirely to orlenUtion of the 
molecules on the surface. 


TABLE 4A, ConUct angles o£ water with fatty adds deposited on 
sand particles (.59 mm and .28 mm diameter). 


Compound 

CrmUet anaU 

Standard 

values 

.59 mm 

mm 

Stenrlc aold 

44' 

W 12* 

59 

Palmitic acid 

50" 34* 

54« 8' 

54 

Myrlatic acid 

62«0* 

55* 54* 

60 


An attempt was made to overcome this difficulty by depositing 
stearic acid on sand particles directly in the molten state. The 
sand chosen had a mean diameter of 0.28 mm. One percent of 
stearic acid on the weight of the sand was deposited which was well 
stirred during deposition, to insure a uniform film. The size of 
sand particles was particularly chosen in the coarser range in 
which influence of particle size on contact angle Is not apparent. 

The simplicity of technique for measuring contact angles of ste- 
aric acid with respect to water by depositing it on the sand parti- 
cles justified its adoption in the case of other fatty acids. In Table 
44, are given values of contact angles for the three common acids. 

of ConUct of Charcoal in Different Liquids 
Assuming the conUct angle of charcoal in alcohol to be zero, its 
value was determined in the case of water and acetone. The char- 
coal was passed through a 60- mesh screen, and readings were 
taken both with the portion passii^ through and that retained. The 
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TABLE 4$. CODt^ angle Of charcoal «ilb vater and acetone 
asfluiDliig 0 angle with alcoluL 


Liquid 

Contact aoele 



Charcoal Danelna 60 cneah 



Water 

$9* 6* 


Acetone 


0* 

1 

8 

d 

0 

1 

litre 


Water 

r 


Acetone 

1 

0* 


results are given in Table 45. The values for contact angles of 
charcoal in different liquids are in agreement V7lth the absorption 
values for these liquids from the vapor phase. 




CHAPTER X 


ABSORPTION OF VAPORS FROM ORGANIC LIQUIDS 

From the general relationship pF = 6.5 - logio (2 - ^ 

has been shown that It is possible to calculate the diameter of the 
capillaries in which water may be held in an atmosphere o* ^ 
ticular relaUve humidity, t>, since pF = -log D, where D ‘S jhe di- 
ameter of the parUcles in the interstices of which the capillary of 
a parUcular diameter Is found. This relationship has been used for 
finding the size distribution of particles in soils. u 

Since the thermodynamic relationship is quite general, it should 
be capable of being verified in the case of liquids other than water. 
Hence from a knowle^ of the surface tension of organic liquids 
and the negative pressure to which they would be subject if held in 
a capillary of a particular diameter, It should be possible to calcu- 
late from the ultra- mechanical analysis of a soil, the relationship 
between relative humidity and the absorption of vapor from any liq- 
uid for which the usual physical constants are known, The calcu- 
lated values could then be verified experimentally and the truth of 

the capillary hypothesis established. /, x *u 

The following organic liquids were used for the purpose: (1) mein- 
yl alcohol, (2) ethyl alcohol, (3) acetone, (4) ether, (5) benzene. 

Tables 46 to 50 give the relative humidities of the various liquids 
when mixed with different amounts of vaporless liquids or solids. 
These values have been taken from “International Critical Tables , 
but since their presentation In this form involved a good deal of 
calculation, they are given here to facilitate reference by other 

From the relationship between pF (or size of particles, since 
pF = -log D) and relative humidity, the relation between the pF of 
particles of various sizes and the corresponding values of relative 
humidities for water as well as other organic liquids were calcu- 
lated, and are given in Table 51. 

It will be seen from Table 51 that there Is a large difference be- 
tween the relative humidities for organic liquids and that of the 
water, though this difference is not so striking in the case of pF 
values, the latter being on the logarithmic scale. These differences 
also narrow down with the Increase in relative humidity and al- 
most vanish near the saturation point. Taking a particular case, 
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TABLE 4$. ReUtlve humldlUes of ethyl alcolwl-glycerol mixtures 

% Mol. cone, of glycerol 
in ethvl alcohol 

% by volume of glycerol 

In alcohol- glycerol 
misture 

Relative 

humldltv 

20 

50 

60 

90 

23.9 

55.7 

63.4 

91.9 

1 

91.2% 

76.31% 

46.56% 

26.14% 


TABLE 47. ReUUv« humi<UU«s of Ae«ton» Oleic ecld nOxtureB. 


Mol. % of 
Oleic acid 

% of oleic acid by volume 
la the mixture 

Relative humidity 

40 

76.2 

67.5 

60 

67.6 

47.6 

90 

97.7 

14.5 


TABLE 48. ReUtlve humlditlee of ether -sulpburlc acid mixtures. 


Mol. % of sulphuric 
acid 

% Of sulphuric acid by ' 
volume la the mixture 

Relative 

humidity 

2 

0.04 

96.66 

19 

10.6 

86.56 

37 

22.9 

36.26 

39 

24.4 

29.02 

52 

35.4 

4.32 


TABLE 49. Relative humidities of methfl alcohol •glycerine mixtures. 


Mol. % of glycerine 

% of glycerine by volume 
in the mixture 

Relative 

humidity 

6 

12.06 

96.10 

22 

34.02 

88.74 

37 ! 

61.6 

77,10 

50 1 

64.5 , 

66.30 

60 

73.2 

64.22 

80 ' 

67.9 

31.1 

85 

91.2 1 

24.1 


TABLE SO. Relative humldlUes of Benaene^oaphthalene mixtures. 



% of naphthaleTte by veight 

RelaUve 

Mol. % of naphthalene 

In the mijdure 

humidity 

9 

13.9 

91.26 
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♦hi. capilUrles responsible for the absorpUon of moisture at W% 
humidity, when filled to the same extent with ethyl alcohol, 
1 ^e a rSatlve humidity of 41.68%. Therefore, from an at- 
m^pfereof 41.68% relaUve vapor pressure of alcohol, asoil would 
t^e'up alcohol vapors just enough to fill the 

S IntersUces of particles of a UmiUng diameter of 10-6.5 cm. 
SimiUr remarks would apply In the case of other liquids. 


TABLE 51. pr of piiUclrt <rf wlouj In wftUr and wUMorifUiic 
hquldft and the correapoadlns eahie* ol relaUee numwity. 


Particle 

else 

(cm) 

Water 

PJSS] 

r valuM 

AcetoM 


Beueee 

11 

M£SM 

Acetone 

Methyr 

nlcohol 


4 0 

9.5796 

9.5656 

9.5699 

9.6S99 

96.5 

99.72 

99.66 

99.70 


We er 

4 2 

9.7796 

9.7669 

9.7907 

3.6599 

96.6 

99.55 

99.50 

99.54 

IS-** 

4.6 

4.216 

4.1659 

4.1901 

4.3196 

97.1 

66.8 

99.17 

98.66 


5.0 

4.5796 

4.5656 

4.5699 

4.6599 

92.96 

97.37 

97.95 

97.21 

16-®* 

5.2 

4.7796 

4.7659 

4.7907 

4.6599 

69.08 

95.58 

95.54 

95.61 


Wew 

5 4 

4.6797 

4.9659 

4.9900 

5.0511 

69.9 

99.36 

99.51 

99.19 


Wew 

5.6 

5.316 

5.1659 

5.1901 

5.3196 

74.6 

66.65 

69.86 

69.99 

lo-*-® 

6.0 

5.5796 

5.6656 

5.5699 

5.6599 

46.9 

75.69 

76.99 

75.94 

10-** 

6.8 

5.7796 

5.7659 

5.7907 

5.9599 

91.5 

69.64 

65.90 

69.76 

10-** 

6.5 

6.0799 

6.0656 

6.0699 

6.1592 

10.0 

41.66 

42,67 

41.76 


Bennene 


99.62 

99.47 
96.70 
96.77 
94.99 
93.10 
67.76 
72.02 

69.47 
96.09 


TABLE 52. Single ealoe coneUnU of eoUn vsed In vtpof abeorptlon etudiee. 


SaII 

% cUy 
(.002 mm) 

% ttUra- 
eUy 

Exchangeable 

, 

9043 

No. 

(.0001 mra) 

Ca 

NaeK 

P.C. 19 
PX. 72 
P.C.llI 
P.C.129 
P.C.845 
P.C.172 
P.C. 173 
P.C.178 

59.8 

45.9 

8.4 

65.5 

46.4 

53.5 

99.7 

85.4 

45.6 

n.4 

4.6 

50.3 

13.6 

16.2 

9.7 

7.7 

55.6 

14.0 
9.3 

18.0 

89.3 
24.0 

91.4 

10.4 

3.9 

1.6 

MU 

17.4 

0.6 

4.4 

8.0 

1.6 

8.59 

6.90 

7.63 

6.92 

7.20 

6.50 

6.95 

7.66 


Eight soils were used for the purpose as representative of capil- 
lary systems of diverse character. They were chosen from a large 
collection to give the maximum variations in their physico-chemi- 
cal characteristics. Some of the important single-value constants 
of the soils are given in Table 52. Moisture absorpUon of various 
soils from atmospheres of different humidiUes are given in Table 

&3 

Values given In Table 51 enable us to calcuUte the percentage 
saturation of vapors of any liquid mentioned therein from the cor- 
responding value of relative humidity of water. If the relative hu- 
midities of water vapors are plotted against the percentage satur- 
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*®*' “'® '^rtous Uquids studied, smooth curves are 
h" intermediate values to be in- 

Ur^lated. It is presumed that since at the corresponding values 

involwr^ftf'' saturation of vapors, the same capiUaries would be 
involved, the volume of the Uquid absorbed would be the same 


TABLE 53. MoUture ^rpUoo of various Bolls from atmoaphere 

of differ oat bumldltles. 




Soil 

No. 

% moisture absorbed from rili 

Efereat humidities 


30% 

50% 

10% 

w 

96% 

99% 

13 

72 

in 

123 

246 

172 

173 
17B 


7.34 
1.2 
0.59 
3.31 
2.79 
4.36 
1.51 
0.66 ' 
1 

6.S9 

2.01 

0.59 

4.95 

2.66 

5.17 

1.54 

1.19 

11.07 

2.45 

0.62 

7.25 

4.00 

6.66 

2.31 

1.68 

12.89 

4.07 

1.66 

10.63 

6.06 

6.34 

2.68 

2.01 

14.09 

4.S1 

2.11 

11.06 

7,07 

8.62 

3.18 

2.73 

16.79 

6.43 

2.32 

14.32 

7.90 
10.64 

4.90 
3.96 


TABLE 54. Volume of ethjrl alc<^l abeorbed from atmospheres 
of different humidities by soUa. 


Soil No. 


1 Volume absorbed in ec. per 100 

zm soil frcm 

Det’d or 


atmosn 

leres of 

different humHltUe 


P.C. 

Calc 

26% 

46% 

“1H 

69.4% 

61% 

»a% 

13 

Det’d 

4.6 

5.75 

8.62 

10.1 

10.45 

12,2 


Calc 

2.0 

4,7 

8.2 

10.15 

11.2 

12.25 

72 

Del'd 

l.S 

2.5 

3.10 

4.97 

6.03 

6.6 


Calc 

0.30 

0.8 

1.6 

3.0 

2.65 

3.45 

123 

Det'd 

2.26 

3.3 

5.45 

4.61 

6.01 

9.17 


Calc 

1.02 

1.25 

4.0 

6.0 

7.55 

9.4 

246 

Det’d 

1.56 

2.3 

3.46 

4.99 

4.64 

5.75 


Calc 

0.6 

1.5 

3.7 

3.7 

4.20 

5.30 

172 

Dat'd 

1.71 

3.16 

4.66 

5.72 

Si60 

7.41 


Calc 

1.4 

3.0 

4.92 

6.2 

7.06 

7.75 

173 

Det'd 

0.44 

0.56 

1.91 

2.05 

2.12 ! 

3.62 


Calc 

0.2$ 

0.68 

1.50 

2.0 

2.4 

2.7 

175 

Det'd 

0.32 

O.SO 

0.90 

2.21 

2.37 

9.22 


Calc 

0.17 

0.44 

1.04 

1.6 

1.87 

1.95 


From this simple deduction the absorption of vapors of any liquid 
at various values of percentage saturation could be calculated when 
this relation is known in the case of water. 

In Tables 54 to 57 the calculated as well as the experimentally 
determined values of the volumes of different liquids absorbed by 
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ino ffranis of soil from atmospheres of different humidities are 
^ven. The observed values were obtained by placing soils in at- 

TABLE 55. Volume of acetone Absorbed from atmospheres of 
different homldiCles by soils. 


Volume (ce) absorbed by 100 g of soil from 


Sell No. 
P.C. 

14. 

Obs 

5S 

Calc 

47J 

Otoe 

s 

Calc 

67 

Obs 

5a. 

Calc 

la 

5.46 

1.0 

4.0 

4.7 

6.64 

7.7 

72 

2.61 

0.2 

2.51 

1.5 

3.6S 

1.6 

111 

0.44 

0.7 

0.6 

0.51 

0.50 

0.6 


2.67 

0.5 

2.6 

1.25 

6.0 

3.85 

246 

2.66 

0.5 

2.9 

1.6 

4.26 

2.60 

172 

5.00 

0.6 

2.2 

3.0 

4.60 

4.66 

a e V 

175 

0.6 

0.16 

1.0 

0.66 

0.6S 

1.5 

175 

0.66 

0.10 

0.6 

0.44 

1.06 

0.6 


TABLE 66. Volume of benseoe absorbed from atmospheres of 
different humidities by soils. 


8oU No. 

P.C. 

Volume (cc) at 
of Mil at 9: 

sorbed by 100 g 

humldltr 

Obserrsd 

Calculated 

15 

9.3 

12.4 

72 

3.9 

5.6 

111 

0.6 

1.4 

123 

11.0 

9.6 

246 

4.6 

5.4 

172 

5.4 

7.9 

175 

2.2 

2.4 

175 

1.6 

1.66 


TABLE 67. Volume of methyl alcohol absorbed from atmospheres 

of different humidities. 


SoU 

No. 

Volume <cc) absorbed by ICO g of soU from atmospheres ol 

dfVToes oi saturation 

MU 

IL91 

■1^ 




77 


■LIA 



Calc 

P.C. 

13 

72 

111 

125 

172 

175 

175 

246 

UDS 

3.7 

1.5 
0.26 
2.2 

1.6 
0.56 
0.57 
2.2 

^'aic 

1.5 

0.2 

0.16 

0.7 

1.0 

0.15 

0.1 

0.45 

m 

2.6 

0.5 

0.2 

0.9 

1.75 

0.26 

0.1$ 

0.75 

7.5 

2.7 

0.5 

3.4 

2.5 
0.8 
0.95 

8.6 

S.9 

1.15 

0.5 

2.1 

5.6 

1.0S 

0.5$ 

2.25 

11.2 

3.0 

0.67 

4.4 

3.4 
1.7 

1.5 

5.6 

6.8 

2.4 
0.62 

4.4 
5.2 
1.6 
1.15 

3.5 

12.1 

3.6 

0.7 

6.2 

5.9 

1.9 
2.8 
4.1 

11.2 

2.55 

0.9 

7.7 

6.94 

2.5 

1.62 

4.1 

15.5 

4.6 
0.8 

11.2 

4.8 

2.1 

2.7 
6.0 

12.9 

5.9 

1.6 

10.5 

6.2 

2.8 

2.1 

5.6 


mospheres of different vapor pressures of various liquids. The 
raUos in -which these liquids were mixed with other substances to 
lower their vapor pressures to different extents are given in Tables 
46 to 50. The calculated values are nothing but moisture absorption 
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by soils at humidiUes corresponding to the given percentage satu- 
ration in the case of a particular Uquid* Jt is assumed that, since 
the same size of capillaries is involved at the corresponding values 
of relative humidities, the volume of the absorbed liquid must be 
the same, irrespecUve of the nature of the liquid. The percentage 
by volume was calculated from the density of the liquid in every 
case. It must be admitted that some error would be involved, es- 
pecially at low humidities, from the fact that the liquid held in the 
^nute capillaries may be compressed and Its density may not be 
the same as at atmospheric pressure. 

In the calculation of these volumes, however, no allowance was 
made for the compressibility of the various Uqulds, partly because 
the magnitude of the correction would be very small, and consider- 


TABLE S8. Amount ol water held as mooonioleeular layer 
on the surface of soils. 


Sou No. 
P.C. 

Water as mononMleeular layer calculated 
from eoU surface (%) 

IS 

1.656 

72 

0.36 

111 

o.ov 

122 

0.96 

246 

0.49 

172 

0.71 

173 

0.27 

176 

0.20 


Ing the nature of substances Involved it would be superfluous to 
consider such correction factors in view of the experimental errors 
Involved. 

From the perusal of the results given in Tables 54 to 57 it will 
be seen that the agreement between observed and calculated values 
in the case of allthe liquids is sufficiently close to prove the sound- 
ness of the capillary hypothesis. At very low humidities, the agree- 
ment is not so good, but when it Is remembered that a relative va- 
por pressure of 29.02% in the case of ether, for Instance, corre- 
sponds to a relative humidity of 2.5% for water, a larger magnitude 
of error becomes comprehensible. 

It is not unlikely that apart from the capillary moisture a certain 
amount of moisture might exist as a monomolecular layer held to 
the surface by chemical forces, The amount of water thus held 
could be calculated from the specific surface of these soils. These 
calculated values are recorded In Table 56. 

The magnitude of these values indicates that they are of the order 
of moisture absorption at about 5% humidity (c.l. Table 53). From 
the nature of the moisture content- relative humidity curve it is 
seen that the portion of the curve up to 10% humidity is relatively 
less steep, and resembles that of a salt hydrate where a change ol 
moisture produces no change in the vapor pressure until the entire 
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corresponding to a particular hydrate is driven out. This 
^ „._ts that a part ol the water corresponding to the monomole^ 
«“ff£!e?Say^ chemlcaUy held. Since the loss ol this partol 
would produce no change in the vapor pressure Its super- 
!!lfnoaitlon on the loss ol the capillary water would result In a va- 
M^pressure curve that is less steep in this region. It ‘s ^so 
lu^elv that when capilUries reach molecuUr dimensions, the IMck- 
ness^of the adsorbed layer would begin to teU on the size of the 
"®®fllaries, which would appear smaller than they actually are. 11 
Minors of organic liquids do not form a monomolecular chemically 
held lay«r conceivable that the smallest capillaries would hold 


TABLE S9. Absorption ol orgnnlc vapors bj varloua charcoals. 


KeUtiT« 

huipiclity 

(%) 


PlstariklA nut 

Coconut huek 


UnacUvftt«d| 

Activated 1 

Unftctlvatedl Activated 


r 

f 

r 1 

A EthvI AlrAhOl (%) 

1 


9ft 14 

3.02 

12.03 

7,1 

6.3 

6.8 

8.1 

mVt a* 

4A S6 

9.18 

11.6 

6.05 

8.9 

6.2 

6.9 

7ft ftl 

13.02 

14.7 

9.43 

10.7 

8.0 

9.9 

91.30 

12.28 

13.7 

, 13.46 

12.7 

7.96 

11.3 




R. Ui»thvl Alcohol (%) 



94 1 

7.62 

10.54 ' 

1.64 

6.66 

2.25 

8,17 

71 1 

8.2 

10.9 

3.76 

6.40 

6.69 

9.86 

iJ A« A 

ft4 2 

8.83 

11.03 

4.2 

- 

6.69 

8.76 

ftft s 

10.1 

12.62 

7.9 

9.14 

9.29 

10.36 

7r IrV w 

77.1 

10.78 

12.4 

7.95 

9,97 

9.59 

10.69 

86.74 

11.6 

14.7 

10.42 

12.0S 

9.59 

11.36 

96.1 

11.57 

12.9 

13.5 

• 

• 

■ 




C. Acetone <%) 



14.6 

12.1 

10.69 

6.63 

6.17 

10.1 

10.78 

47.8 

12.96 

13.70 

9.16 

10.4 

11.06 

12.46 

67.6 

13.12 

12.88 

10.3 

11.33 

10.16 

14.0 


larger quantities ol these liquids which would be subject to capil- 
lary laws, and there would be a greater discrepancy between the 
calculated and found values in this region. 

Absorbent charcoal has the pecuUar property of being more eas- 
ily wetted by organic liquids than by water. It was therefore, con- 
sidered advisible to include charcoal in these studies. 

The results of absorption of various organic liquids by coconut 
shell, coconut husk and pistachio nut charcoal, activated as well as 
unactlvated, are given in Table 59. From these results the values 
of different liquids absorbed at equivalent humidities were inter- 
polated. The data, expressed as volumes of different liquids ab- 
sorbed at equivalent humidities, are given in Table 60. These val- 
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ues should be equal according to the capillary condensation theory 
provided the contact angle of charcoal is the same in all these Uo- 
uids. The results (Table 60) show fairly good agreement in the 
case of absorption of organic Uquids, particularly when the samples 
are activated. In the unacUvated samples, differences are perhaps 


TABLE M. Ab»orpUeii of dttfcrcot IroA flipor pbuo 

oa •eUralevl faumidlUoi. 


EqulT&lMq 
rolaUv* 
humidity 
of mur 


«c of aboorbed b» Mmoleo fd «*harrrt»« 

WacUyaUfl coMant • 


AeUnUO coconut 


(%} 

Water 

CH 3 OH 

cJA^ob 


Water 


CjBjOH 

CHjCOCH, 

s.o 

1.1 

9.03 

3.6 

is.s 

1.4 

19.3 

14.0 

14 a 

10.0 

10.0 

10.03 

11.3 

10.0 

3.1 

19.0 

14.4 

WA ate 

10.3 

91.6 

4.4 

13.09 

13.T 

10.4 

4.0 

10.0 

16.8 

10.0 

41.3 

5.0 

19.47 

10.0 


0.0 

10.9 

11.0 


74.0 

0.1 

14.5 

10.1 


19.4 

16.1 

10.1 


M.O 

11.0 

14.B 

10.0 


10.0 

19.1 

17.8 



VucUvated buAk 

_ 

AeUrated cocaput 

S.O 

0.7$ 

9.0 

0.3$ 

19.1 

0.9 

10.3 

10.0 

14.3 

10.0 

1.09 

7.30 

10.0 

13.0 

1.90 

11.8 

11.0 

10.0 

M,S 

3.4 

ll.O 

10.0 

19.1 

16.00 

18.9 

11.0 

10.0 

41.9 

0.9 

11.6 

lO.O 


9.19 

19.9 

13.4 


74.0 

11.9 

U.l 

10.0 

1 

13.3 

14.3 

13.7 


04.0 


11.1 

10.0 



19.6 

14.9 



VaactlvafAd ntetarbte ml 


AeUvated otetarbte aur 

S.O 

0.7 

S.O 

9.4 

IQ.t 

1.0 

0.4 

10.7 1 

11.9 

10.0 

9.47 

0.3 

10.0 

10.9 

9.49 

9.0 

11.1 

13.0 

31. S 

3.H 

9.0 

11.3 

13.0 

3.93 

11.0 

13.0 1 

H.4 

40.9 

9.90 

10.1 

18.3 


4.80 

18.6 

18.0 1 


74.0 

0.99 

19.4 

10.1 


7.3 

14.9 1 

19.7 


94.0 

9.0 

14.0 

17.7 

1 


9.9 

1 

14.9 1 

10.9 1 



to be expected, especially at lower humidities, because the surface 
is less clean and, therefore, the contact angle does not have the 
same value in all the liquids. 

The results of moisture absorption present some interesting fea- 
tures, At lower humidities water Is absorbed to a very small ex- 
tent, but with increase in humidity the values approach those ob- 
served for other liquids. The explanation of this deviation very 
probably lies in the fact that some of the finest capillaries closely 
concerned in moisture absorption at lower humidities are not prop- 
erly wetted by water because of the finite value of the contact an- 
gle. This was verified by measuring the contact angle of a sample 
of charcoal in water and acetone, assuming it to be sero in the case 
of ethyl alcohol. The results showed that while its value was zero 
for acetone, it was 9 to 53® for water, depending on the size of 
charcoal particles. 



CHAPTER XI 
HEAT OF WETTING 


When a drysoiUs brought Into contact with or other Uqul^, 

there Is a considerable rise of temperature, due to heat of wetting^ 
This phenomenon is of general occurrence. “ Ua 

sunces possessing a capillary structure capable of absorbing liq- 
uids or gwes show a definite heat of sorption. The exact* mec^a- 
nlsm of this exothermic reaction is not known, but the producUon 
3 heat maybe due to the compression of the liquid 
its absorption in the minute capillaries, or it may even be due^ 
the chemical action between the sorbing surface and the sorbed liq- 
uid. Obviously this phenomenon is capable of throwing a pod deal 
of Uaht on the mechanism of moisture absorption by capillary y - 
terns, for by a process of elimlnaUon it would be possible to de- 
cide whether the forces Involved are chemical or purely physical 
in nature. The question Is of great importance not only In soils, 
but for all substances possessing a capillary structure. 

The heat of wetting of soils has been measured by 
ers but the measurements have been confined chiefly to the total 
heat of wetting. Very little is known about the heat of wetting when 
soil is allowed to absorb increasing amounts of water. It seems 
reasonable to suppose that the greatest heat of wetting will be pro- 
duced in the initial stages, and that It will gradually become less 
as the soil takes more and more water, 

The difficulty of measuring heat of wetting with gradual incre- 
ments of moisture is very great. For uniformity of results, the 
absorption must be allowed to take place in the vapor phase, and it 
is not possible to measure the rise of temperature accompanyii^ 
the slow absorption of moisture. The heat of wetting can, however, 
be measured in an indirect way, as follows: Weighed amounts of a 
soil are brought to equilibrium with different humidities and con- 
sequentiy made to take up definite but varying amounts of moisture. 
Heat of wetting Is then measured in every case. The difference in 
the heat of wetting between the dry and the moist soil is taken as 
that due to the initial moisture content. 

Sulphuric add- water mixtures were used for controlling the hu- 
midities. Heat of wetting was measured in a Dewar Cylinder with 
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a Beckmann thermometer. Approximately 5 grams of soils were 
added to 50 cc of water. Heat of wetting in calories per gram of 
soil, Q, was calculated from the following formula: 


p , i^(p* 9) • + irj (T-T') 

where p is the weight of the dry soil, q the weight of the liquid, • 
the specific heat of the soli suspension, w the water equivalent of 


TASU 61. B«at at •vttliic la par gram uU 

•I 4tffar«al bumldttlM. 


floU Ho. 1 


1 




Oft 

10ft 

0« 

60S 

70ft 

00ft 

t) 

to.i 

4.0M 

6.76 

l.OT 

0.TS06 

0.468 

11 

4.76 

1.06 

1.60 ' 

1.06 

■S3H 

0.116 

111 

1.46 

1.00 

0.706 

0.466 

■stni 

0.06 

m 

6.41 

6.616 

6.00 

1.46 

mSM 

0.660 

Mi 

6.66 

6.406 

1.01 


Kntfl 

0.646 

lit 

T.m 

6.066 

1.006 

wwm 

0.446 

0.077 

ill 

6.10 

1.06 

1.67 

0.60 

O.MO ' 

0.116 

lit 

S.06 

t.» 

l.OT 

0.404 

0.606 

0.110 



Fig. 47. Belation Betwe«n Heat of Wetting end Relative Huznidlty of Soil 


the calorimeter, thermometer, stirrer, etc., Tq the initial tem- 
perature of soil and the liquid, and the final temperature of the 
suspension. The results are given in Table 61 and plotted in Fig. 
47 in the case of a few typical soils. 

From these results the heat of wetting per gram of water ab- 
sorbed between different humidity intervals is calculated for each 
soil. It is assumed that since the same size of capillaries is In- 
volved in moisture absorption between any two humidities, the heat 
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4 oi*.ttlnff is the same. It must be remembered, however, that this 
'’ni he strictly true If the size distribution of particles governed 
Si {he two humidities is the same, i.e., if the slope of sumnua- 
curves in the two cases is the same. It is presumed that slight 
«rlatlons maybe smoothed out by taking small humidity 
The values were calculated as follows: The heat of 
anv humidity interval was Interpolated from the curve {Fig. 47). 
The moistuM absorptionforthe Interval was then interpolated from 
corresponding vapor pressure-moisture content curve of the 
soil andthe results calculated for a gram of water absorbed by 100 
grams of soil in each case. These values are given in Table 62. 

TABLE 62. H«at d wettlnf lA ealorl«» p«r gn of «tf r absorbed 

beewson cUtfereot laUrralfl of reUtlve bomidlty. 


SoU 

No. 

PC. 



s 

m 

m 

m 

m 

ifli 


90wl00~ 

% 

1 

aVA 

0.4 

0.24 

1.0 

0.4 

0.4 

0.6 

0.24 

0.4 

0.2 

1.0 

0.4 

0.43 

0.7 

0.26 

0.66 

0.66 

0.60 

0.76 

Q' 

m 

■m 

m\i<m 


0.13 

0.27 

0.20 

0.13 

0.19 

0.11 

0.20 

0.16 

0.26 

0.22 

0.16 

0.17 

0.12 

0.20 

0.12 

0.06 

0.09 

0.09 

0.13 

0.11 

0.06 

MiAS 1.66 

0.47 

0.46 

0.71 

0.74 

r 0.52 

0.46 

0.16 

0.16 

0.09 


• Tbeae Tslues were not laetuded la cslculatlAC the sTerAges. 

The heat of wetting of a number of soils was calculated from 
their vaoor pressure -moisture absorption curves, taking the aver- 
aee values of heat of wetting at different humidity 
pn in Table 62. These values were then compared with those ae- 
termlned experimentally, and are given »•» Table 63, which it 

Will be seen that the agreement between the calculated and deUr 
mined values is as close as could be expected from the nature of a 
material like soil. These results constitute strong evidence in 
favor of the purely physical nature of moisture absorption. 

In order to see if the general relationship between heat of 
and moisture absorpUon at various humidities was .J? 

other liquids, a number of soils were brought into equilibrium with 
alcohol-glycerin and acetone-oleic acid mixtures different va- 
oor pressures and the heat of wetting determined. (Tables 64 and 
65) These results when plotted give smooth curves similar to 
those obUlned with water. There appears to be a consUnt 
ence between heat of wettii^ with alcohol and water (with dry soil). 
This may be due to a difference In the heat of compression. 


Heat of Wetting in Various Orga nic Liquids 

The heat of wetting of these eight soils in a number of orgamc 
Uquids was determined. It was found that Its value in water, methyl 
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alcohol^ ethyl alcohol and amyl alcohol is of the same order in in- 
dividual soils. In the case of glycerol, vhich contains three CH- 
groups, the value is much less in soils P*C. 13» 72 and bentonite; 
but the difference Is not large in other soils. When heat of wetting 
in ethyl acetate, a liquid also containing a polar group, is consid- 
ered, the case is similar. It appears that when the number or size 
of the polar groups Is large and the size of the capillary pore U 


TABLE $3. Compaiiaoo of calculated and determined valuee of 
heat of vetting of soils In water. 



Heal of wetting In 
c&lorlea oer crram of SOU 

BPBUI 

Heat of vetting in 
rAlnrien oar mm of noil 

Caio 


■U&ilj 

Calc 

Dat'd 

15 

4.66 

4.50 

83 

1.82 

2.43 

16 

0.51 

0.47 

85 

4.38 

3.09 

17 

1.25 

0.87 

86 

4.97 

6.18 

18 

2.37 

2.76 

89 

1.41 

2.51 

18 

7.02 

7.72 

80 

2.37 

1.58 

20 

0.87 

0.976 

91 

2.03 

3.06 

38 

11.38 

13.40 

82 

2.36 

2.84 

47 

1.39 

1.30 

93 

2.18 

1.24 

51 

0.80 

1.05 

84 

2.82 

2.70 

64 

2.004 

0.75 

87 

2.28 

2.21 

67 

1.30 

0.84 

98 

1.65 

2.37 

70 

3.32 

1.82 

88 

1.64 

0.70 

71 

3.14 

1.68 

100 

1.11 

1.18 

88 

3.56 

1.62 

88 

2.36 

1.82 

133 

0.85 

0.65 

101 

1.06 

0.998 

161 

7.98 

4.76 

102 

1.79 

0.98 

128 

3.65 

3.06 

104 

3.17 

1.81 

146 

15.33 

14.08 

105 

2.25 

1.54 

261 

5.16 

4.32 

106 

3.73 

3.16 

63 

0.77 

0.99 

107 

2.71 

0.91 

65 

0.53 

0.83 

108 

1.12 

1.41 

66 

1.54 

2.37 

110 

0.63 

0.89 

68 

1.42 

3.55 

112 

1.84 

1.14 

68 

1.20 

0.85 

113 

0.83 

1.28 

73 

2.89 

3.26 

114 

2.17 

2.17 

74 

2.66 

2.81 

118 

2.73 

1.01 

76 

6.83 

8.88 

121 

1.78 

2.47 

77 

2.70 

3.11 

122 

1.58 

2.06 

78 

2.88 

3.17 

124 

2.75 

1.46 

78 

1.78 

4.73 

126 

3.04 

1.28 

80 

0.816 

1.00 

127 

2.88 

2.68 

61 

6.48 

11.5 

148 

9.61 

8.00 

82 

5.03 

8.20 





small in a soil (as in P.C. 13 and bentonite, which are mostly col- 
loidal) proper wetting does not take place. The values for heats of 
wetting for benzene, chloroform and acetone also are less than for 
water, the maximum difference being noted in the case of P.C. 13 
soil and bentonite. This shows that liquids containing no polar 
groups can be absorbed less effectively in the Interstices between 
the soil particles, and the smaller these pores in a soil the less 
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effective the absorption. Also, if the size of the molecules of the 
Absorbed liquid is Urge, as in the case of paraffin liquid and kero- 
filne oil there is a further decrease in the value of the heat of wet- 
tine in ail soils. It is presumed that these lo?ig-chain molecules 
cannot properly enter the interstices, which are almost down to the 
size of molecules. A finite value of contact angle is another factor 
in the failure of some of the organic liquids to enter capillaries 
below a certain limiting size. 

TABLE M. Heat of vetting (calories per gram soil) In alcohol alter 
allowing the soil to come to equilibrium with alcohol* glycerine 

mixtures of different vapor pressures. 


Sou No. 

Heat of 

wettlfic at 

releUve humidities 

P.C. 

— 51 — 

28% 



91% 

13 

10.0 

2.32 

1.7 

0.988 

0.222 

72 

S.7 

0.800 

0.729 

0.238 

0.058 

111 

1.01 

0.325 

0.242 

0.239 

0.028 

123 

4.38 

1.13 

0.865 

0.440 

0.284 

246 

4.82 

0.91 

1.05 ' 

0.319 

0.260 

172 

6.07 

1.12 

1.12 

0.318 

0.284 

173 

2.70 

0.684 

0.39$ 

0.089 

0.0575 

176 

2.37 

0.486 

0.595 

0.119 

0.0287 


TABLE 65. Heat of wettlf^ (calories per gram soil) In acetone after 
bringing Into equlUbrium with different vapor pressures of 
acetone from acetone-oleic acid mixtures. 


Soil No. 
P.C. 

Heat of wetting at different vapor 

1 oressures 

0% 

14.H 

47.W 

67.6% 

13 

7.72 

1.53 

1.44 

0.961 

72 

2.41 

0.82 

0.66 

0.573 

111 

1.00 

0.53 

0.21 

0.211 

123 

4.05 

1.25 

1.24 

0.657 

246 

4.02 

1.10 

1.00 

0.72 

172 

4.75 

1.27 

1.25 

0.737 

173 

1.21 

0.62 

0.55 

0.243 

175 

0.86 

0.47 

0.40S 

0.27 


Density of Soils in Various Liquids 

H heat of wetting is due to the absorption of liquids in the micro- 
pores of soil particles, and if various liquids give different values 
for heat of wetting because of the difference in their ability to enter 
and fill completely capillaries of various sizes, then it is plausible 
that the values for the densities of soils determined in various liq- 
uids will differ. If, for instance, a liquid cannot properly fill all 
the interstices in a soil, the weight of that liquid displaced by the 
soil will be comparatively greater, and consequently the density 
will be less In such a liquid. To verify this contention, the densi- 
ties of a few soils were determined in various liquids. (Table 66). 
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These values axe more or less as expected. The difference in 
the densities of P.C* 13 soil in water and kerosine oil is noticeable. 
It might be pointed out that P.C. 13 soil contains the highest per* 
centageofthe finest particles » which prevent the entry of long-chain 
molecules or liquids with appreciable contact angles. It is also to 
be noted that a very small difference in density due to the non-entry 
of a particular liquid into the finest pores will produce a compara- 
tively larger difference in the heat of wetting, since the highest 
heat of wetting is produced in the case of the finest capillaries. 
These results are only qualitative, but they may indicate the cause 
of the difference between the heat of wetting of water and organic 
liquids. 


TABLE 66 . Density of soils ia different liquids. 


Soil No. 
P.C. 

Alcohol 

(C 2 H 5 OH) 

Water 

Paraffin 

liquid 

Keroslne 

Benzene 

Toluene 

Xylene 

Id 

2.732 

2.67 

2.34 

2.31 

2.59 

2.595 

2.650 

123 

2.64 

2.666 

2.61 

2.666 

2.662 

2 . 66 S 

2.670 

111 


2.715 






172 

2.62 

2.71 

2.65 

3.52 

2.675 

2.664 

2.661 


TABLE 67. Heat of vetting (ealorles per gram aoU) In keroslne after 
bringing Into equilibrium with atmospheres of different humidities. 


Sou No. 
P.C. 

Relative humidity. 

0% 

10% 

30% 

60% 

70% 

90% 

13 

3.14 

2.10 

0.92 

1.0 

-0.116 

-0.464 

72 

0.967 

1.06 

0.563 

0.264 

-0.0S6 

-0.26 

111 

0.966 

0.6 

0.473 

0.137 

0 

-0.148 

123 

2.65 

1.9S 

1.030 

1.17 

-0.057 

-0.108 

246 

2.09 

0.623 

0.553 

0.62 

-0.066 

0.0 

172 

2.65 

1.33 

0.727 

0.636 

-0.115 

0.0 

173 

2.22 

0.703 

0.365 

0.55 

-0.113 

-0.30 

175 

1.23 

1.28 

0.403 

0.34 

-0.069 

-0.08 

Bentonite 

5.06 

2.50 

0.750 

0.65 

-0.246 

-0.058 


Heat of Wetting of Soils in Keroslne 

If the lower heat of wetting of soils in kerosine, etc., Is due to the 
failure of the long-chain molecules to enter the small capillaries, 
it follows that if the heat of wetting is measured after allowing the 
soil to take up moisture from atmospheres of low humidity, when 
the finer capillaries are closed by the entrance of water, the heat 
of wetting should be only slightly affected. To test this point, a 
number of soils were brought to equilibrium with atmospheres of 
increasing humidities, so that capillaries of different sizes were 
filled with water, and the heat of wetting was determined in kero* 
sine. (Table 67). 
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Tt aopears that two factors are involved in these measurements: 
ft) the mijdng of kerosine with water held In the soil and (2) the fill- 
ing with oil of coarser capillaries unoccupied by water* The first 
ac^on is probably accompanied by a negative heat effect. This was 
fAund actually to be the case by an e5q)eriment,ln which 5 grams of 
water on being mixed with 200 cc of kerosine, gave -3.2 calories, 
ft aooears, therefore, that at higher humidities when the quantity of 
water absorbed by the soil Is large, the negative effect predomi- 
nates; as a result of this the net heat of wetting observed is negative 
at higher humidities. 

AKo^r ption of Water from a Sulphuric Acid- Water Mixture 
“K has been proved that when a capillary system is brought into 
eauilibrium with an atmosphere of a particular humidity its mois- 
ture Is under a definite vapor pressure. If this absorbed water is 
brought into contact with a solution of the same vapor pressure, it 
Is interesting to see whether there is any transference of moisture 
from the capillaries into the solution. Since any such transference 
would be indicated in terms of heat, the absence of any rise of tem- 
nerature would be a strong incUcation that none has occurred. To 
study this, experiments were made first with silica samples. About 
10 warns of the sample were kept in an atmosphere of 50% humi<Mty, 
and after it had absorbed the maximum amount of moisture from 
this atmosphere, its heat of wetting was determined in a sulphuric 
acid- water mlsture of a composition corresponding to 50% humidity. 

It was thought that if no more water were absorbed, the heat of wet- 
ting would be practically nil, but the value was found to be 6.45 cal. 
per gm. of silica; its value in pure water was 0.35. 

In another experiment pure, dry silica was taken and Us heat of 
wetting was determine din pure concentrated HgSO^. The value was 
found to be 12.1 cal./gm. of the material as against 23.9 in pure 
water. This shows that sulphuric acid as such Is absorbed in the 
minute capillaries like any other liquid. 

Heat of Wetting of Silicates and Silica in Water 
at Different Humidities 

Silicates of lead, copper, barium, iron and aluminum, as well as 
mixtures of iron and aluminum silicates of different composition, 
were prepared by the usual precipitation method. The gels so ob- 
tained were washed to remove the salts and then ^ied. The heat 
of wetting in water as well as the moisture absorption- vapor pres- 
sure curves of these materials were determined. 

Portions of these silicates were treated with c^lute acid to wash 
off metallic oxides and the resulting silica was dried in every case 
after washing with disUUed water. The heat of wettii^and moisture 
absorption- vapor pressure curves of the different samples of silica 
thus obtained were also determined, The results of moisture ab- 
sorption at different humidities are given in Tables 68 and 69. The 
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heat of vetting of the silicates as veU as of different samples of 
silica follow the same order as the moisture absorption of these 
materials (Table 70). Lead and barium silicates absorb compara- 
tively less moisture than other silicates, but the silica obtained 
from various compounds behave more or less alike. 


TABLE 68. Moisture absorption by various sfilcates at different humidities. 


SUicate 

% molature absorbed at A 

liferent humidities 


30% 

TOT 




99 

Lead 1 

4.42 

6.22 

6.61 

9.05 

10.37 

12.93 

14.22 

Copper 1 

rao 

14.34 

17.98 

26.05 

30.17 

83.25 

34.01 

Barium 

4.43 

6.S7 

8.10 

11.90 

1S.48 

17.80 

20.87 

Iron 

6.S1 

15.41 1 

18.85 

30.70 

32.50 

34.99 

35.66 

Aluminum 

4.49 

11.48 

14.361 

16.06 

20.15 

25.51 

26.27 

76% Fe 4 25% A1 

6.20 

15.0 

16.56 

29.76 

30.66 

32.92 

33.33 

60% Fe 4 50% A1 

6.51 

15.93 

18.94 

28.41 

32.00 

34.15 

34.26 

26% Fe 4 75% A1 

4.18 

12.93 

14.97 

26.56 

28.05 

31.21 

32.80 


TABLE 69. Moisture absorption by silica obtained from various silicates. 


1 

1 

1 

% Moisture absor 

bed at dll 

Iferent humidities 

Silica .from: 

10% 

30% 

50% 

70% 

90% 

96% 

MSEl 

Lead silicate 

8.99 

18.25 

24.97 

30.08 

39.05 

44.9 

61.0 

Copper • 

11.03 

17.72 

25.54 

32.11 

39.19 

44.73 

51.96 

Barium * 

9.09 

16.21 

23.28 

31.87 

40.16 

46.73 

53.13 

Iron 

10.25 

16.33 

23.68 

30.99 

87.27 

43.01 

50.06 

Aluminum * 

9.88 

15.57 

23.39 

32.00 

40.85 

44.36 

61.09 


TABLE 70. Heat of wetting of various silicates. 


SlUcate 

Heat of wettiAc (cal. /mm) 

Silicates 

Silica Obtained 
from silicates 

Lead 

8.44 

23.9 

Copper 

15.3 

24.64 

Barium 

11.2 

22.16 

Iron 

15.8 

25.19 

Aluminum 

15.4 

22.20 

75% Fe « 25% Al 

16.3 

24.56 

50% Fe 4 50% AI 

16.6 

20.16 

25% Fe 4 76% Al 

14.2 

24.16 


From these results the heat of wetting per gram of water ab- 
sorbed by 100 grams of materials at different humidities was cal- 
culated for mixtures of iron and aluminum silicates only, just as 
in case of soils (Table 62). The values are given in Table 71. It Is 
interesting to note that the averages in case of soils and silicates, 
though not quite identical, follow the same order. 
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The heats of wetting of the various silicates, as well as of silica 
before and after activation, were calculated from their moisture 
absorption values, and average values of heat of .wetting at ^fer« 
gut humidity intervals are given in Table 71. These calculated 


TABLE 71. Heat of vetUng for 1 gram of water absorbed at different 
humidity intervals by 100 g cA material. 


Composition 





0% 

75% 

25% 

50% 

50% 

25% 

75% 

o%_ 

100% 


1 
2 

3 

4 

J 

Tverage 

Average ob 

soils 


nrrr 


Tn 


|tostofwentoaU^orles)atTarlws^midU^ 




1.41 
1.16 
0.7 
2.4 
1.6 
1 




1.76 


10 - 60 % 


0.87 

0.60 

0.68 

0.61 

1.06 

TTW 


0.47 




1.16 

1.03 

1.74 

0.90 

1.30 


TIT 


0.73 




0.20 

0.20 

0.11 

0.24 

1.5 


TTF 


o.s 


70-90% 


0.36 

0.30 

0.33 

0.34 

0.16 

■or 


0.16 


oo-iooc 


0.27 

0.27 

0.35 

0.21 

0.10 

0.24 


0.10 


TABLE 72. Comparison of calculated and determined values on 
heat of wetting of silica and silicates. 


MIX 

Ko> 

CamoositJoD 

Iron Aluminum 

Heat of wetting (calories/gram 
of material) 

det'd 

Calculated 

irom silicate 
average 

from soil 
average 

1 

100% 

0% 

25.0 

25.31 

24.62 

2 

75% 

25% 

22.5 

24.42 

23.78 

3 

50% 

50% 

21.0 

25.20 

24.60 

4 

25% 

75% 

24.3 

20.45 

19.25 

5 

0% 

100% 

22.6 

20.38 

16.40 

5 

Silica (unactlvatad) 

10.5 

6.17 

6.66 

7 

Silica (activated) 

18.6 

17.75 

17.76 

8 

Lead silicate 

8.44 

10.26 

10.81 

6 

Copper silicate 

15.3 

25.56 

24.60 

10 

Barium silicate 

11.2 

13.43 

12.63 


values of heat of wetting are to be compared with the determined 
values in Table 72. 

It will be seen that results with ferroaluminosilicates are simi- 
lar to those of soils. Using the mean value for heat of wetting of 
soils for various humidity intervals (Table 62) or similar values 
for silicates (Table 71), we can calculate the heat of wetting of the 
various silicates. 


Effects of Various Treatments on Heat of Wetting of Soils 

It is evident from the results mentioned in the foregoing that 
since the heat of wetting of soil is due to the absorption of the liq- 
uid in the micropores of the particles, any treatment that would 
affect moisture absorption would cause a corresponding change in 










SOIL MOISTUHE 

the heat of wetting. To adduce eyidence on this point, a few soils 
were subjected to some treatments which were considered likely 
to affect their hygroscopicity and the heat of wetting was deter* 
mined before and after. The treatments given were (1) heating to 
various temperatures, (2) leaching with acid solution of different 
strengths, and (3) acUvation at 200^ in a current of CO 2 for two 
hours. 


Heating to various temperatures. It has been shown that soils 
undergo progressive decrease in hygroscopicity on heating, to in- 
creasing temperatures. 


TABLE 7$. of hcaUAf aoUj at dUforoot temporaturBft on 

tbBlr h«at of wettlfif. 


Sou No. 
P.C. 

Boot of wotUac (calofiof pc 

ir mn of Bom 


2«rc 




U 

10.9 ' 

12.72 

8.00 

8.08 

9.91 

72 

4.70 

2.00 

2.8 


2.2 

121 

0.40 

2.M 

6.28 

6.08 

5.92 

III 

1.42 

l.Ol 

0.90 

0.61 


172 

7.62S 

7.77 

8.79 

0.81 



The heat of wetting would therefore be expected to show a cor- 
responding decrease. Five soils were selected for this purpose 
and were heated for 6 hours at different temperatures before de- 
termining their heat of wetting. The results are given in Table 73. 

It will be seen that P.C. 13 shows a slight increase in the value 
when heated at 200‘’C, followed by a progressive decrease when 
heated to increasing temperatures. The increase up to 200^ in 
this soil is due to the fact that some of the residual moisture which 
cannot be easily removed at lOO-llO^C is driven out on heating to 
200**C, and the soil is dry in the true sense at this temperature only. 
Heating to higher temperature leads to the progressive “fusion* of 
ultra- clay and consequent decrease In the volume of the capillaries. 

As a result of this the hygroscopicity is appreciably decreased 
and the heat of wetting shows a corresponding decrease. Other 
soils behave similarly, except P.C. 123, which gives an almost con- 
stant value for heat of wetting at all temperatures. This is prob- 
ably because in this soil, on account of its refractory nature, the 
fusion of clay and ultra- clay particles does not take place till a 
much higher temperature is reached. 

Leaching with acid solutions of different strengths. It is well 
known that, on treatment with acids of moderate strength, soils 
undergo partial decomposition, a part of the sesquioxides being 
washed out. This should result in partial breakdown of the soil 
structure due to dissolution of some ultra-cLay particles which are 
associated with some of the finest capillary spaces so closely involved 
in the moisture -absorption capacity of soils. It would be expected, 
therefore, that treatment of soil with acid solution of increasing 
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fitremrths Should lead to progressive decrease in its heat 
tiM. To test this, a sample of bentonite was selected, as this is 
rich in ultra -clay and therefore particularly suitable for this pur- 
nrtse 25 -gram portions of the sample were leached separately 
Buchner funnel with 2 liters of N, 2N and 4N HCl solutions, 
followed by leaching with water to remove chloride ions. The re- 
sults of the heat of wetting determinations are given in Table 74. 
It is evident that on account of the dissolution of the finer particles 
there is a corresponding decrease in the heat of wetting. 

Artivatlon in a current of CO 7 at 200«C for t wo hours . As water 
heia up by soils In the small capillaries has different values of 
vapor pressures, depending upon the size of capillary spaces, 
some of it in the minutest capillaries, on account of Its relatively 
lower vapor pressure, cannot be driven out completely on heating 

TABLE 74. Btfect of acid treatment on the heat of wetting of bentonite. 



Heat nf wattine (ealoriea ner eram) 


Bciorc 

Leached with 

2 uura of 

2 liters ot 

treatment 

normal HCl 

2N HQ 

4K HCl 

82.54 

* 

16.60 

14.1 

12.1 


TABLE 7S. Effect of activation on heat of wetting of soils. 


Soil No. 
P.C. 

Heat of wetUne (calories per sram soil) 

Before acUvauon 

Alter activation 

6 

2.336 

3.93 

13 

10.6 

14.74 

123 

5.46 

5.46 

172 

7.62 

9.9 


to 110®C or even higher. This is true of all capillary systems, in- 
cluding silica, alumina, etc. To remove the last traces of water, 
these porous substances are usually activated in a current of dry 
air or some gas at 200®C for a couple of hours. It was thought of 
interest to activate a few soils in this manner and to compare their 
heat of wetting before and after activation (Table 75). It will be 
seen that activation, as e3q>ected, leads to increased value for heat 
of wetting, except in the case of P.C. 123, which Is singularly defi- 
cient in ultra-clay. 

Effect of Exchangeable Bases on Heat of Wetting 

Heat of wetting with single-base soils was studied by Pate, who 
concluded that soil with a monovalent base gives a lower heat of 
wetting than soil with a divalent base. These conclusions were con- 
firmed by the author. The heat of wetting of single-base soils in 
equilibrium with different humidities has not been measured here- 
tofore. 
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Single-base soils were prepared from soil P.C. 13 by 0.05N HCl 
treatment, followed by neutralization with various hydroxides. The 



Fig. 4$. Relation Between Relative Humidity and Moisture Content of SotU 

Containing Different Single Bases 



Fig. 49. Relation Between Relative Humidity and Heat of Wetting of Soils 

Confining Different Single Bases 

moisture -humidity curves of the soils are given in Fig. 48, and the 
heat of wetting curves in Fig. 49. The lower heat of soils with 
monovalent exchangeable bases, as compared with divalent, is rath- 
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er extraordinary. In view of the high hydration of Li and Na soils, 
one would have expected that the heat of hydration would be added 
to the heat of wetting, and that a higher value would result. A pos* 
sible explanation of this difference might lie in the fact that mono- 
valent bases are ionized to a greater extent on the soil surface and 
the negative heat of ionization might lower the heat of wetting cor- 
respondingly. 

If the micropore hypothesis - which offers a purely physical ex- 
planation of the mechanism of moisture absorption - is correct, we 
should expect all other liquids that can wet the soil, and conse- 
ouently enter into the micropores, to show a heat of wetting not far 
from that with water. On the other hand, if the mlcropores are 
partly filled with water, the heat of wetting of the moist soil with 
organic liquids can be modified in two ways, as follows: 

The heat of dilution of the water contained in the soil, with that 
of the organic liquid, if positive, will be added to, and if negative 
will be subtracted from, the heat of wetting of the moist soil. 

The radius of curvature of the capillary water will be affected by 
the change in the surface tension of water in air, being replaced by 
the interfacial tension of the organic liquid and water. In other 
words, a liquid witha low interfacial tension would reduce the radi- 
us of curvature and cause the moist soil to appear wetter at a par- 
ticular humidity, and thus lower the heat of wetting correspondingly. 

We can test both these possibilities by determining the heat of 
wetting of soils in equilibrium with different humidities, using or- 
ganic liquids of known interfacial tension and heat of dilution with 
water. The following liquids were chosen: 


Benzene 

Aniline 

Carbon tetrachloride 


Surface 

Interfacial 

tension 

tension 

(dynes) 

(dynes) 

28.86 

35.00 

42.58 

5.77 

26.66 

45.0 


The heat of wetting of soil P.C. 13 kept at various humidities and 
consequently containing different amounts of moisture was studied. 
The curves showing the relation between heat of wetting and the 
relative humidity with which the soil was in equilibrium are shown 
in Figure 50. It will be seen that the heat of wetting is lowered at 
all humidities In the case of organic liquids. From the lowering of 
the freezing point of benzene by moist soils in equilibrium with 
different humidities, it was concluded that the abnormal behavior 
of soils as compared to H 2 SO 4 - water mixtures and other hygro- 
scopic substances is due to the fact that water-benzene interfacial 
tension is lower than water-air surface tension and that, therefore, 
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a corresponding change in the radius of curvature of the water held 
in the noinute capillaries is possible. It was shown that 

pVp'* it^/p) 0.478 

where p Is the vapor pressure at a plane surface, p'the vapor pres- 



sure at the curved surface, and p* the aqueous vapor pressure at a 
water-benzene surface for the same capillary (Chapter VX). 

Thus the soil in equilibrium with a particular humidity appeared 
wetter when brought into contact with benzene, as if it were in equi- 
librium with a higher humidity. This conclusion seemed to conform 
to the data on the heat of wetting with benzene; consequently if we 
calculate the relative humidity of the soil in contact with benzene 
by the formula given above, and interpolate the heat of wetting cor- 
responding to the corrected value from the curve, the corrected 
values fall on the heat of wetting curve for water. These values 
are shown in Fig. 50. If, however, we calculate similar values for 
aniline or carbon tetrachloride by substituting the interfacial ten- 
sions of these compounds, we get a very poor fit. Very Llhely this 
may be due to the poor wetting power or the high value of the con- 
tact angle of these Liquids for soil. 



CHAPTER Xn 


ABSORPTION OF MOISTURE AND ORGANIC 
VAPORS BY SALT HYDRATES 

Amoftt substances that can absorb water from the vapor phase, 
hvdrates occupy a unique position. UnliVce capillary systems In 
mhich absorption takes place at all humidities, hydrates have a crit- 
ical vapor pressure, below which no absorption is possible. Hy- 
drates, therefore, would correspond to a capillary system In which 
all the mlcropores are of the same diameter, so that moisture Is 
unable to condense in them unless the relative humidity is greater 
than the vapor pressure of the water condensed In the capillaries. 
The fact that the entire moisture is lost or gained within a narrow 
range of humidity can only be reconciled with the view that the 
capillaries in this case do not possess a cellular structure, but are 
cylindrical (without any corners), so that all the water can evapor- 
ate without altering the radius of curvature of the absorbed water. 
With salts that form more than one hydrate, more than one slae of 
mlcropores would be postulated In the space lattice, requiring a 
definite number of water molecules to fill them completely. This 
micropore theory of salt hydrates may at the first sight appear in 
conflict with the chemical view so far presented. It may also appear 
unnecessary in view of the well-established stoichiometric rela- 
tionship. The fact that salt hydrates exist even in solution would 
also seem contrary to the existence of micropores. 

A simple chemical concept based on residual valencies would no 
doubt be adequate to explain all the phenomena associated with salt 
hydrates. For the present, however, our object Is merely to es- 
tablish an analogy, to prove that chemical forces associated with 
residual valencies may have something very much in common with 
surface tension effects in micropores. The two may originate from 
the same source. The surface tension of liquids is very likely a 
manifestation of the residual valencies - the unsatisfied lines of 
force, the seat of potential energy. 

It has always been a puzsle why water rises in a capillary tube. 
What is the hook that pulls it up? What is the reality behind the 
phenomenon of surface tension? Is it confined only to the mono- 
molecular surface layer or does it extend deeper into the body of 
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the liquid, with gradually decreasing intensity? Atoms and mole- 
culesinthe gaseous state have four -dimensional freedom; in mono- 
molecular films they have two-dimensional freedom; in solids and 
liquids in bulk they have freedom in one direction only. It is this 
freedom that constitutes free energy, or surface tension, or resid- 
ual valency. The analogy between the formation of salt hydrates 
and the filling of micropores, therefore, may not be altogether su- 
perficial. 

We have to consider in the first instance whether anhydrous salts 
have mlcropores. It would appear to be a logical consequence that 
when water evaporates from a hydrate, it must leave gaps corre- 
sponding to the water that has evaporated. On the other hand, since 
a crystalling hydrate falls to an amorphous powder, it may be sup- 
posed that the space lattice has collapsed and Individual molecular 
groups have fallen apart. The mechanism of moisture absorption 
would be different in the two cases. If micropores exist, the mois- 
ture absorption would be due to capillary condensation; otherwise 
water molecules would simply attach themselves to molecular 
groups by residual chemical valencies. In the former case liquids 
other than water could also condense in the micropores, whereas 
in the latter no such condensation would be possible. 

It is conceivable that residual valencies that can attract and bind 
water could operate in the case of organic liquids that may have no 
chemical affinity for the anhydrous salt. On the other hand, if mi- 
cropores are present, then almost any liquid might be absorbed, 
the only limiting factor being the contact angle. The existence of 
mlcropores could also be demonstrated by measuring the heat of 
wetting of the anhydrous salt with organic liquids and with water. 

The existence of hysteresis effect in the hydration and dehydra- 
tion of salt hydrates would constitute another argument in favor of 
the micropore theory, for it is inconceivable that a purely chemical 
reaction should not be strictly reversible as regards the vapor 
pressure at which the hydrate is completely transformed Into the 
anhydrous state, or vice versa. 

Precision will be gained if we treat the absorption of water by 
salt hydrates in exactly the same manner as we have been treating 
capillary absorbents. Anhydrous salts, therefore, were allowed to 
absorb moisture in atmospheres of varying relative humidity in 
desiccators containing appropriate mixtures of sulphuric acid and 
water. The various hydrates are dealt with under their appropriate 
headings. 

Sodium Sulphate 

The amounts of moisture absorbed from atmospheres of different 
humidities by anhydrous sodium sulphate are given in Table 76. The 
relative vapor pressure of the system Na 2 S 04 . IOH 2 O - Ka 2 S 04 at 
15®C is 72.5%. The vapor pressure of this system, therefore, must 
exceed this limit before water can be absorbed by the anhydrous 
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It When the maximum amount of water corresponding to Na2S04. 

126% has been taken up, no more moisture from any 
iliTher ^humidity is absorbed. This moisture it can take up from any 
H'^idity higher than 72.5%, provided sufficient time is allowed for 
the state of equilibrium. It Is to be noted that the rate of absorption 
r.t moisture is extremely slow in the case of hydrates. Equilibrium 
. not been attained even in 54 days at 76.4% and 82.2% humidity. 
This Is unlike the behavior of capillary systems in which the rate 
of moisture absorption Is fairly rapid as a rule. 


TABtX 10. AbtorvttoQ of moloturo by aohydrou* sodluin sulphate. 



« UoUtur* ftteAnHlon mt huiBldlU«« 



10% 

39% 

60% 

70% 

76.4% 

62% 

90% 

99 % 

A 

0.096 

0.16 

0.1$ 

0.72 



23.6 

20.5 

V 

*r 

0.096 

0.16 

0.16 

0.72 

21.6 

18.9 

30.5 

26.9 

1 

17 

0.60 

0.52 

0.44 

0.62 

46.9 

41.6 

92.0 

91,7 

A 1 

47 

0.61 

0.52 

0.56 

0.62 

96.0 

92.6 

127.2 

129 

^ 1 

0.60 

0.62 

0.64 

0.69 

102.9 

101.9 

129.6 

127 


wy gteresis in moisture absorption of sodium sulphate. The wet- 
ting and drying data at different humidities are given below : 


Humidity (%) 

10 

33 

50 

70 

82.2 

90 

Moisture (%) 
wetting 

0.60 

0.62 

0.64 

0.85 

101.9 

129.5 

Moisture (%) 
drying 

0 

0 

0 

0.42 

102.5 

123.6 


The above results Indicate almost complete absence of hystere- 
sis hydration and dehydration taking place at the same critical 
varx>r pressures. The results, however, are misleading in two 
rejects. In the first instance if the critical vapor pressure of 
Na2S04 - lOHoO is 72.5%, why should any drying take place at 
82.2% humidity unless it corresponds to Na2S04 - 8H2O, which in 
all probability must occur at a lower humidity than 72.5%? 

There is practically no absorption of organic vapors by sodium 
sulphate when it Is dehydrated at high temperature. There Is, how- 
ever, some Indication of organic vapor absorption by sodium sul- 
phate when it is dehydrated over H2SO4 at low temperature. 

Copper Sulphate , . . 

The results of moisture absorption by anhydrous copper sulphate 
are given in Table 77, and plotted in Fig. 51. The maximum amount 
of moisture taken up Is approximately 56%, which is equal to the 
amount required to form CUSO4. 5H2O. Further, this amount is 
taken up from 50% humidity, which is in accord with the vapor pres- 
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TABLE 77. Moisture eoatent of copper sulphste In equUibrlum 

with dllferent humidities. 


Relative 

humidity 

(%) 

BouillbHum moisture content f<t.\ 

Wetting 

7 days 

Values 

26 days 

67 days 

0 

0.07 

0.16 

1 1 

0.11 

0.11 

2.25 

0.16 

1.6 

1.21 

1.19 

5.1 

1.35 

2.4 

2.33 

2.21 

7.6 

1.66 

2.22 

2.16 

2.16 

10.4 

2.20 

7.3 

6.97 

6.67 

15.8 

7.28 

8.7 

6.96 

6.66 

20.4 

8.60 

0.7 

9.2 

6.16 

25.2 

6.66 

13.5 

13.14 

13.02 

30.0 

13.70 

23.8 

19.76 

18.45 

41.4 

23.60 

52.7 

43.76 

42.21 

60.7 

S2.6 

53.4 

52.97 

62.67 

61.0 

54.4 

54.6 

54.56 

54.61 

71.8 

63.44 

53.6 

53.72 

53.72 

62.2 

55.02 

53.5 

53.61 

63.61 

00.7 

52.62 

S3.6 

63.68 

53.87 

66.0 

53.60 

54.2 

53.97 

63.61 

66.7 

1 

55.61 






X icesoejcp 


Pig. 51. V^r Pressuro Curves cd CuSOg with Wster and Methyl Alcohol 
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sure of the system CUSO 4 . 3 H 2 O - 2 H 2 O - CuS 04 . 5 H 2 O. A close 
nerusal of the results in Table 77 and Fig. 51 reveals certain pe- 
culiarities which require mention. There are definite breaks in 
the vapor pressure- moisture content curve, but the exact points of 
Inflection corresponding to the different hydrates are approached 
much more gradually than has hitherto been supposed. The whole 
curve approximates more closely a caplllary-cumchemlcal absorp- 
tion. It is significant, however, that practically all the points can 
be fitted on the dotted line curve which approximates the usual type 
of hydrate vapor -pressure curve. 

In the case of CUSO 4 , equilibrium is reached much more quickly 
than in the case of Na 2 S 04 . The values recorded in Table 77 were 
obtained after 37 days' exposure, though equilibrium was attained 

in about 15 days. 


TABLE 71. AbtorpUoA <it orfuUc Ueuld* bj CuSOa from Atmotphcret 
of eiftomt roUUTO vmpor pr«Mur«s (ftV.P.). 



CH|OB 


ACAtOM 


Baaaaba 


AbAorM 


AbAorbAd 


AbeorbAd 

R.V.P. 

(%) 

B,V.P. 

<%) 


<%) 

M.l 

1.14 

14.8 

7.00 

01.36 

4.6 

Sl.l 

1.06 

47.6 

7.60 

100 

8.0 


8.48 

67.6 

7.60 



n.i 

4.81 

100 

6.01 



77.10 

10.88 





88.74 

18.86 





88.1 

81.68 






Absorption of Organic Vapors. The absorption of methyl alcohol, 
acetone and benzene was studied from atmospheres of different 
relative vapor pressures, which were obtained by mixing glycerol 
with methyl alcohol, oleic acid with acetone, and naphthalene with 
benzene (Table 78). The results of methyl alcohol absorption are 
also plotted in Fig. 51, together with those of water. A close sim- 
ilarity between the two curves is apparent. These results can best 
be interpreted on the basis of capillary condensation, followed by a 
dissolution of the walls of the capillaries in the case of water. The 
constant value for acetone and benzene can be reconciled with the 
view that only capillaries of a certain dimension are accessible to 
these liquids. This is not surprising when it is remembered that 
the accessibility of a liquid to a micro- capillary depends on the 
contact angle, which again depends not only on the nature of the 
liquid but on the size of the capillaries. 

Calcium Sulphate 

Results of moisture absorption at various humidities are given 
In Table 79. Ca SO 4 . 2 H 2 O was dehydrated at different tempera- 
tures and moisture absorption studied with each. The results show 
that the hemi-hydrate is first formed at about 10 % humidity (the 
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theoretical amount of moisture is about 26%). It is interesting to 
note that if gypsum is dehydrated above 200®C, the resulting an- 
hydrous salt loses its capacity to form hydrates at all. To find the 
exact temperature at which this property is lost, gypsum was heated 
at various temperatures in a paraffin bath with exact temperature 
control (Table 80 and Fig. 52). It is clear that there is a gradual 
decrease in moisture absorption between 180 and 188^0. 


TABLE 7S. Moisture abeorpUoa-vApor pressure relsUooshlp of 

anbr^ous CaSO^. 


R«UU7e 

% MoUture alter eifmeiire inr 7 •nA 

humidity 

1 HeaW to 17A»r 1 


1 Beaud to I 200 »c 

i%) 

7 days 

14 days | 

7 days 

: 14 days 

7 days 

14 days 

10.4 

4.77 

5.36 

0.76 

0.96 

0,71 

0.71 

30.0 

3.49 

4.68 

0.65 

0.97 

0.71 

0.71 

50.7 

6.00 

6.60 

0.68 

0.50 ' 

0.40 

0.40 

70.0 

5.57 

5.66 

1.60 

1.78 

0.91 

0.86 

90.0 

6.55 

6.65 

l.SO 

1.49 

0.67 

0.87 

98.7 

17.90 

33.60 

4.68 

5.10 

3.67 

3.09 


TABLE 60. Effeot of temperMure of dehTdraUon on moisture 

shsorptlon bp C 1 SQ 4 . 


Temperature 

(«C) 

MoUture absorbed at 98.7% humiifttv 

■Ha 

i days 

(%) 

173 

19.50 

30.16 

176 

16.40 

16.95 

180 

16.32 

30.05 

181 

16.08 

16.96 

183 

14.39 

15.135 

169 

14.03 

14.97 

164 

13.10 

12.76 

185 

12.23 

12.76 

166 

13.16 

19.69 

167 

6.95 

6.67 

166 

3.75 

9.71 

169 

3.95 

3.95 

192 

4.63 

4.96 

196 

2.91 

3.02 

198 

$.67 

3.67 


Another interesting property of CaS04. 2H2O is that it cannot be 
dehydrated by drying at ordinary temperature alone. This will be 
clear from Table 81, in which the equilibrium moisture contents of 
hydrated CaS04 dried at various humidities are given. These re- 
sults should be compared with those in Table 79, in which it is 
shown that anhydrous CaS04 takes up only 6.89% moisture from an 
atmosphere of 90% humidity. 


Absorption of organic vapors. There is very little absorption of 
organic vapors by dehydrated CaS04; the results, however, are 
parallel to those of moisture absorption, as will be clear from 
Table 82. 
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Fig. 52* Effect of Temperature of Dehydration on Moisture Absorption by Csd 04 


TABLE 61. Drying of CSSO 4 . 2 H 2 O St different humidities. 


Relative 

humidity 

(%) 

Moisture 
6 days 

{%) 

content whei 
17 days 

{%) 

t dried for 

31 days 

(%) 

10.4 

15.02 

15.13 

14.92 

30.0 

15.41 

15.31 

14.81 

60.7 

20.05 

17.56 

16.61 

70.0 

21.64 

20.90 

16.82 

00.0 

22.73 

21.97 

20.56 


TABLE 82. Absorption of orgsnlc rapors by CsSOa from atmospheres 
of different relstlve rapor pressures ^.V.P.). 


R.V.P. 

{%) 

CH 3 OH 

absorption 

(%) 

R.V.P. 

(%) 

Acetone 

absorption 

{%) 

R.V.P. 

(%) 

Benzene 

absorption 

(%) 

24.1 

1.23 


0.31 

91.26 

2.58 

31.1 

1.01 


0.48 

100 

2.51 

64.2 

1.34 


1.30 



65.3 

1.20 

100 1 

4.70 



77.1 

1.20 





86.7 

1.61 





95.1 

3.10 
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Pntaah AIutw 

Alums are unique among hydrates insofar as they are associated 
with as many as 24 molecules of water. Potash alum was dehy« 
dratedat 200^, Another portion was heated directly over a Bunsen 
flame to determine the effect of high temperature on its moisture* 
absorption capacity, as In the case of CaS 04 (Table 63). 

It will be seen that the temperature of dehydration has a pro* 
nounced effect on moisture absorption, though not so much as in 
the case of CaS 04 . The dehydration of alum, like CaS 04 cannot be 
carried out at the ordinary temperature by lowering the humidity. 
The theoretical amount of moisture required to form hydrated alum 
is about 84%, and most of It is taken up at 70% or higher humidity. 


TABLE 83. Moisture content of potsah slum kept si tstIous humilities. 




Ur »1 

shir* TMirr«nla#* 


Humiditjr 

WSM\ 

ESM\ 


70% 

90% 

48^ 

IA\ Dshvd 

rstsd St 200«C 















vsluss sfter 








10 dsjB 

1.06 

1.7 

4.74 

74.46 

78.43 

82.66 

(b) 

Dr ping 
values sftcr 





m 



8 dSJB 

19.91 


79.9 

80.07 




19 dsTB 

79.91 

80.1 

79.78 

80.0 




31 dSTS 

79.87 

80.1 

79.63 

79.49 

QQ 


rvhvri 

r«t*d AMF niins«ii flam* 








Wettlag 
vslufls sfter 








10 dsjs 

0.1 

0.18 

0.74 

81.38 

72.06 

77.9 

(b) 

Drying 
vslues sfter 








8 days 

98.9 


68.03 

66.6 

77.30 



19 days 

68.79 


88.0 

69.93 

77.12 



31 days 

61.18 


68.0 

68.81 

76.38 



The dehydration, however, cannot be carried out even In an atmos* 
phere of 10% humidity. There is practically no absorption of or- 
ganic vapors by potash alum when it is dehydrated at high temper- 
ature. There Is some indication of organic vapor absorption by 
alum when it is dehydrated over H 2 SO 4 at low temperature. 

Zinc Sulphate 

The salt was dehydrated by heating to 450^C, at which tempera- 
ture it is known to lose all its water of hydration. The wetting and 
drying values are given in Table 84. It will be seen that within 10% 
humidity ZnS 04 . H 2 O is formed (theoretical amount is about 11 %). 
At about 70% humidity ZnS 04 . 6 H 2 O is formed (theoretical amount 
is about 67%); or probably ZnS 04 . 7 H 2 O for which the theoretical 
amount is 78%. Water, however, continues to be taken even beyond 
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value at higher hunildltles, a phenomenon characteristic of 
Siiaaescent salts. It is significant that though the deca-hydrate is 
termed at 70% humidity on wetting, drying at 50% humidity does not 
result in the formation of the mono-hydrate, which occurs at 30% 
humidity. 


Chloride 

^ Fused calcium chloride was taken. The drying and wetting values 
are elven In* Table 85. The wetting values show that the di-hydrate 
is produced within 10% humidity and the hexa-hydrate Is formed 
even below 30% humidity. At higher humidities water Is taken up 
on account of the deliquescent nature of the salt. 


TABLE 84. Wetting and drying values of moisture content of 

nine sulphate. 



TABLE 66. Wetting and drying values of moisture content of 

calcium chloride. 



The absorption of organic vapors, as in the case of other hy- 
drates, shows a striking parallelism with the absorption of water 
vapors. With methyl alcohol even the phenomenon of deliquescence 
is shown, as is clear from the results given In Table 86. 

Heat of hydration. The heat of hydration of salt hydrates is anal- 
ogous to the heat of wetting well known in capillary systems. A 
known weight of the anhydrous salt was added to a known weight of 
the saturated solution of the salt held in a Dewar flask and the rise 
of temperature noted; from this the heat of hydration was calculated. 
It was assumed that since water was already saturated with the salt 
there was no heat of solution. In Table 87 are given values for heat 
of hydration for the various hydrates in calories per gram of water 
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taken up by 100 grams of the salt. This value was obtained by di- 
viding the total heat of hydration per 100 grams of the salt by the 
amount of moisture absorbed. TMs method of representation was 
preferred for ease of comparison with similar results obtained with 
soils. Such results with soils are included in the table. It will be 
seen that the order of heat of hydration is the same as that of the 
heat of wetting of soils. The heat of wetting for organic liquids for 
both soils and hydrates is also of the same order. 


TABLE 86. Absorption of orgaxklc vapors by anhydrous CaCU frora 
atmos^eres it different relative vapor pressures (R.V.P.) 


R.V.P. 

(%) 

CRsOH 

absorbed 

(%) 


Acetone 

absorbed 

(%) 

R.V.P. 

(%) 

Bensene 

absorbed 

{%) 

24.1 

55.2 

14.5 

72.4 

91.26 

28.25 

31.1 

54.6 

47.8 

72.1 

100 

27.59 

54.2 

122.4 

67.S 

112.2 



66.3 

155.8 

too 

112.8 



77.1 

216.5 





86.74 

363.8 





86.1 

516.0 






TABLE 87. Heat of hydration of salts and heat of wetting of soils 
per gm. of liquid absorbed by 10 g of salt or soil. 


Substance 

Water 



Acetone 

Benzene 

Soil P.C. 13 

1.13 

0.74 

0.82 

0.68 

0.66 

Soli P.C. 72 

0.73 

0.608 

0.54 

0.93 

0.5 

Soil P.C. Ill 

0.616 

1.4 

0.49 

2.0 

1.3 

Soil P.C. 123 

0.36 

0.38 

0.47 

0.81 

0.39 

Soil P.C. 246 

0.84 

0.99 

0.88 

0.96 

0.44 

Soil P.C. 172 

0.968 

2.6 

0.82 

I.IS 

1.1 

Soil P.C. 173 

0.79 

0.967 

0.78 

1.45 

1.58 

Soil P.C. ITS 

0.752 

0.42 

0.72 

0.80 

1.60 

Cu304 anhydrous 

0.908 

0.74 

0.85 

1.28 

0.23 

ZnS 04 

0.76 

0.S2 

0.83 

1.17 

0.64 

CaS04 

0.71 

0.8 

0.403 

0.99 

0.09 

Na ^04 * 

0.538 

1.0 

1.56 

0.95 

2.4 

POMh Alum * 

0.66 

0.68 

0.34 

1.08 

0.09 


The heat of wetting of soils at different humidities can also be 
compared to the heat of hydration of salts at different vapor pres- 
sures. It has been shown in the case of capillary systems that heat 
of wetting per gram of water absorbed decreases as the relative 
humidity increases. This is explained by the theory that» since 
smaller capillaries are involved in the absorption of vapor at lower 
humidities, the compression on the absorbed water, as well as the 
heat of wetting, is greater than at higher humidities. The heat of 
wetting was determined in the case of a soil(P.C.13)and anhydrous 
CuSOd after bringing them into equilibrium with atmospheres of 
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varying humidities (Fig. 53). The striking similarity of the two 
curves Is apparent. The stepwise decrease of heat of wetting for 
CUSO4 is in line with the fact that the capillaries in the case of salt 
hyd^es are not of continual varyii^ sise as in the case of capillary 

systems. 



Fig. 63. Heat of Wetting of Soli P.C. 13 and CuSOg at Various Humidities 

Since there is a definite transition temperature above which 
NaoSOd is supposed to exist as an anhydrous salt, we can study the 
cooling curve of this salt to throw light on the mechanism of hydrate 
formation. It is obvious that if a hydrate of Na^SO^ is formed at 
32^C, there could be a sudden rise of temperature at this point, 
when a solution of NaS04 is allowed to cool. The cooling curve, 
however, showed no such rise of temperature (Fig. 54), in asolution 
of this salt. 

Ji heat of wetting of anhydrous NaS04 is due to the formation of 
the hydrate, which takes place only below 32®C, then there should 
be no heat of hydration above this temperature. The heat of wetting 
of anhydrous NaS04 was determined in a saturated solution of the 
salt at various temperatures. The results, given in Table 88, show 
that beyond a gradual decrease of heat of hydration there Is no 
sudden drop at the transition temperature. Similar results with 
soil P.C. 13 are also included In this table. It is seen that there is 
a much greater decrease in the heat of wetting of soil when the 
temperature is raised. However, the analogy between heat of hy- 
dration and heat of wetting is quite apparent. 

Discussion of Results 

A number of hydrates have been examined, and the results of 
moisture and organic vapor absorption can best be interpreted on 
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the basis of capillary condensation in the inicropores, followed by 
solution of the salt in the capillary- condensed water* The size, the 
shape, and the space configuration of the capillaries determine the 
crystal structure, the vapor pressure and the ease of absorption of 



Fig. $4. Cooling Curve of Sodium Sulphate Solution 


TABLE 68. Heat of vetting of NnaS04 and SoU P.C. IS at 
different tempenturee. 


Temp«rutur* 

(♦C) 

Umi d vuWov (caloH 

IM 09T 100 9 of 


Sou P.C. 13 

16 

41.20 

11.08 

2a 


6.65 

26 

41.M 


35 


6.33 

40 

35.36 


60 


4.31 

60 

33.89 

6.0 

60 

35.76 

5.34 

67 

89.75 


60 


1.39 

62 




vapors. The distribution of moisture In a capillary structure de- 
pends on the size distribution of particles and the geometry of the 
pore space. In the case of salt hydrates this distribution depends 
on the geometry of the space lattice. The fact that a definite num- 
ber of water molecules are involved in the formation of salt hy- 
drates is purely incidental, and is no proof of the chemical combina- 
tion of the two molecular species, hitramolecular forces must tend 
to the formation of geometrical patterns with pore spaces of fibred 
dimensions, in which a definite number of molecules of water can 






481 


absorption by salt hydrates 

be accommodated. It is not unlikely that the walls of the micro- 
capillaries in salt hydrates are of molecular dimensions and may 
collapse to some extent on dehydration. If the geometry of the pore 
space of capillary systems could be described as cellular, the pores 
In salt hydrates would be appropriately visualized as honeycombed. 
With this structural difference the entire behavior of salt hydrates 
may be reconciled with that of capillary systems. 

The presence of hysteresis effect, the magnitude of the heat of 
hydration, which Is comparable to heat of wetting of capillary sys- 
tems, and the general trend of the vapor-pressure curve all point 
to the general similarity of forces involved in moisture absorption 
by dehydrated salts as well as in capillary systems. 

Absorption of organic vapors by dehydrated salts can be accounted 
for only by the capillary hypothesis. The fact that dehydrated salts 
like Na2S04 and potash alum are not wetted by organic liquids and, 
therefore, are not absorbed clinches the argument in favor of this 
hypothesis. 

Hydrates are supposed to exist in solution and to possess well- 
defined transition temperatures. It is, however, not clear whether 
or not hydration and dehydration in solution is accompanied by any 
therms! change. Theoretically the heat of hydration should be the 
same, whether it takes place in solution or with a solid anhydrous 
salt. It is found, however, that there is no thermal change when 
hydration is allowed to take place in solution. It is only when solid 
anhydrous salt is brought into contact with water that heat of hy- 
dration manifests Itself. Here It is much more likely that this is 
due to the absorption of water or salt solution in the minute capil- 
laries of the anhydrous salt. 

The object of introducing the whole discussion about salt hydrates 
is merely to point out a certain analogy between capillary moisture 
and water of hydration. It should be pointed out that the analogy 
breaks down when the influence of organicliquidsonthe vapor pres- 
sure of salt hydrates is considered. In this case, unlike the capil- 
lary moisture, there is no change in the surface tension of water of 
hydration. Hysteresis effect Is also partly superficial, because 
since the crystal structure breaks down on dehydration it is not 
certain how far the decrease in moisture absorption is due to this 
cause alone. Absorption of gases and adsorption of solute from 
immiscible organic liquids, characteristic of capillary moisture, 
is also not shown by water of hydration. 

All this leaves us in a state of uncertainty as to how far the 
forces involved in the absorption of capillary moisture are chemi- 
cal and what part Is played ^ purely surface tension effects. How- 
ever, since surface tension itself may be due to molecular orienta- 
tion, and residual chemical valencies, a certain amount of analogy 
between the behavior of water of hydration and capillary moisture 
is only to be expected. Differences, on the other hand are so strik- 
ing that substances possessing a capillary structure undoubtedly 
form a class by themselves. 



CHAPTER Xm 


DISTRIBUTION OF SOLUTE BETWEEN CAPILLARY WATER 
AND SOME IMMISCIBLE LIQUIDS^ AND SOLUBILITY 
OF GASES IN CAPILLARY MOISTURE 

When two immiscible liquids are shaken with a substance that can 
dissolve in both, the solute distributes Itself between the two sol- 
vents, provided it is not dissociated in the one solvent more than in 
the other. If the water held in the minute capillaries of a porous 
substance is not chemically combined and is in no way different 
from ordinary free water beyond the expected change in its surface 
tension, then the distribution law should hold, and the absorbed 
water should be capable of dissolving out a part of the solute from 
an immiscible liquid. 

The problem touches a wider question, namely, adsorption from 
solution, to which reference will be made incidentally. It is curi- 
ous, however, that in the case of adsorption of gases as well as of 
adsorption from solution, very little attention has been paid to the 
moisture content of the adsorbent. It is generally not realized that 
water, with its labile hydrogen and hydroxyl ions, is not only a uni- 
versal solvent but is extraordinarily prone to enter into loose chem- 
ical combination with a variety of substances. When water Is ab- 
sorbed by a capillary system, it can present an amazix^ly large 
surface, which is extremely active. It is this surface that is capa- 
ble of entering into loose chemical combination with the substances, 
and which is the seat of adsorption - not the surface of the solid 
adsorbent. 

This capillary water can dissolve gases, and It is no exaggeration 
to say that most of the experiments on adsorption of gases by solids 
could be accounted for much more satisfactorily on the basis of the 
solution of the gas in the capillary water. The fact that no precau- 
tions have been taken to dry the adsorbent in any of the experiments 
is significant, and when it is remembered how extraordinarily diffi- 
cult it is to eliminate the last trace of moisture from porous sub- 
stances, it is doubtful If such precautions would have been of much 
avail. At any rate, these e?q>eriments have created a most unhappy 
state of affairs. The capillary-condensation theory of moisture 
absorption has been rejected on the ground that gases are absorbed 
by solids which could not possibly condense in the pores. 
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Before this view is accepted It must be proved definitely and con« 
clusively that the absorbent Is free from every trace of moisture. 

It Is the author's contention that the moisture goes in first, the gas 
following a matter of course, and that an absolutely dry substance 
will not adsorb an absolutely dry gas. The moisture, therefore, 
xazy constitute the hook or peg on which a gas may hang in a capil' 
lary system. It is unfortunate that the word •adsorption" or •sorp- 
tion' has a universal application, and that two phenomena which 
may have nothing in common have come to be regarded as similar. 
For instance, if the solution of a substance in a water-immiscible 
solvent is shaken with an absorbent containing moisture, a part of 
the solvent may be removed purely in accordance with the well- 
known distribution law; yet the phenomenon will have all the ap- 
pearance of adsorption from solution, and we shall be talking of 
adsorption by the solid substance, which may do nothing more than 
hold the moisture in its pores and thus impart to It an enormous 
surface. 

Silica is by far the most appropriate substance for these studies. 
Apart from the fact that it has an enormous surface and can absorb 
large amounts of moisture, it is quite unreactive toward acids, and 
a number of organic acids that are soluble both in water and organic 
solvents could be studied. 

An extensive Investigation of the adsorptive properties of hydrated 
silica has been carried out by Patrick and his co-workers. They 
have studied the adsorption of gases and vapors, of NaOH from 
water solution, and adsorption from organic liquids. They have 
also studied heat of wetting and heat of adsorption In the silica, as 
well as the displacement of water from the hydrogel by other liq- 
uids. The latter was also studied by Firth and Plnse. Adsorption 
with quartz and with silica which had been ignited for a long time 
was studied by Jones, Joseph and Hamcock. Silica gel containing 
about 8.5% water has been used in adsorption studies by Mukherjee 
and his co-workers. A good deal of accurate work has been done 
by Bartell and Yingfu on the adsorption of alkalies and acids. 
Patrick and his co-workers studied adsorption in organic liquids 
immiscible with water and thus created Just the right conditions 
for the distribution of the solute between two immiscible liquids 
without recognizing its importance. 

Silica used in this investigation was prepared in the usual way by 
precipitating from sodium silicate by the gradual addition of dilute 
HCl under violent stirring. The resulting silica gel was washed 
free of salts and dried. It was then washed with hot dilute HCl and 
then with water until the wash water was free from Cl ions. Silica 
thus prepared did not adsorb any acid from water solutlonor organic 
solvents miscible with water; but It could adsorb organic acids from 
solvents immiscible with water in a manner that could be explained 
only OR the basis of the distribution law. 

Before starting experiments with capillary water and some im- 
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Q^scible liquid it was considered desirable to study the effect of 
changing the vapor pressure of water on this distribution. For this 
purpose H2SO4- water mixtures were chosen, as with these the 
vapor pressure cah be varied at will. Benzene was used as the im- 
miscible liquid and benzoic acid as the solute. 20 cc of pure ben- 
zene were shaken (intermittently with hand) with 20 cc of H5SO4- 
water mixtures of relative humidity ranging from 10 to 99%. In one 
experiment 0.2 gram and in another 0.8 gram and in another 0.8 
gram of benzoic acid was used. The experiment was conducted in 
a thermostat maintained at 20*^0. After half an hour the bottles 
were Uken out and the amount of benzoic acid in the benzene layer 
determined by titration with N/40 NaOH. It was found that the low- 
ering of the vapor pressure of water had no effect on the distribu- 
tion, and the results were simiUr in all cases to those with pure 
water. 

to the first instance preliminary eiq)eriments were carried out 
with a sample of air-dry silica, by shaking It for varying lengths 
ox time with a solution of benzoic acid in benzene. It was found 
longer shaking, up to one hour, had no effect. This isnotsurprlslmr 
in view of the enormous surface of capillary water. 

A number of organic solvents and a few acids were next tried, 
grams of silica containing 11.0% moisture were shaken with 
20 cc of the liquid for half an hour; 10 cc of the supernatant liquid 
was taken for titration. In the results recorded in Table 89 Cn 
represents the Initial concentrations of the solute in mllllmols per 
litre, C its final concentration, and A the amount In mllllmols ad- 
sorbed by 100 grams of silica. 

It will be noted that the recording of the results follows more or 
less conventional lines, though It is not the silica which is the real 
adsorbent. Adsorption of benzoic acid In benzene has been studied 
at different concentrations and the results, when plotted, can be 
fitted into some sort of adsorption isotherm. This is merely Illus- 
trative of the fact, already well known, that the existence of an ad- 
sorption isotherm is no proof of adsorption. The fact that there is 
practically no adsorption from water or liquids miscible with water 
is proof that there Is no adsorption on the surface of the solid. Of 
course some may sUll choose to call it adsorption on the surface of 
water of the Gibbs - Thomson type, especially as it Is confined to 
the interface. For the present, however, we are not concerned with 
the mechanism of this adsorption, but merely with the fact that the 
real adsorbent Is the capillary water, which itself is not adsorbed 
in any mysterious way but merely held in minute capillaries by 
virtue of which it has acquired enormous surface. 

Having established that the capillary water Is the real adsorbent, 
we can now vary the moisture content, corresponding to different 
humidities, and consequently have the absorbent water In capillar- 
ies of a varying limiting size. The silica used for these experiments 
was dried at 250^C. It still retained 11% moisture which could be 
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out ^ heating to 600^. This moisture, however, is 
not included it the results, and the sample dried at this temperature 
jg considered to be at aero humidity and sero moisture content, 
though It actua.ly contains about 11 % water. 

It is found tliat when the last traces of moisture are removed 
from silica the entire capillary structure breaks down, and even 


TiBUB n. AdMFpUoa vtrteii* mhttnct ires dUr«r«fit 

MifM bycuicm. 



water is not absorbed. This happens when silica Is ignited at 900^^, 
or the moisture is driven out by heating for 48 hours in a vacuum 
at 120^0. The silica used in these experiments after dry ir^ at 250^C 
was brought into equilibrium with atmospheres of difft»rent humidi- 
ties by keeping over K 2 SO 4 - water mixtures in desiccators for 
several days. The moisture absorbed in every case 5 ^a$ recorded 
as percentage on the dry weight. Three observations ^ere taken in 
each case, the time of contact varying from 1 minute' to 16 hours. 
The results are given in Table 90. l 

On the face of it one would have expected greate^^^^’^P^®” 
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higher moisture contents; but the results actually show the reverse. 
u the adsorption of water had occurred in mono molecular layers 
by residual chemical forces we should have expected die same value 
for adsorption at all humidities; but if it is due to capilUry conden- 
sation, then naturally at lower humidities when it is held in smaller 
capillaries, the exposed water surface is larger than when capil- 
laries of a larger diameter come into play. 

As has been shown before, the vapor -pres sure curve is a reflec- 
tion of the size distribution of particles, and at hi^er humidities 
when the interstices between the larger particles are filled, those 
between the smaller particles are simply swamped with water. We 
can perhaps visualize the actual state of affairs better if we fix our 


TABLE 90. Adsorption of bensolc Add iron bonseae by aUlca 
with varying moisture content. 


Humidity 

{%) 

MoUturc 

(%) 

Co 

1 

C 

A 

Time of 

COQUet 

f 

76.2 

0.301 

0.250 

12.4 

1 minute 

\ 1 

75.0 

0.310 

0.262 

11.9 

30 minutes 


74.5 

0.312 

0.272 

10.0 

16 hours 

90 

36.5 

0.201 

0.232 

19.5 

1 minute 


41.S 

0.310 

0.232 

19.3 

30 minutes 


37.0 

0.201 

0.235 

19.3 

16 hours 

70 

23.0 

0.281 

0.31$ 

35.2 

1 minute 


24.0 1 

0.310 

0.305 

25.6 

30 minutes 


23.5 

0.312 

0.310 

24.4 

16 hours 

50 

! 15.1 

0.281 

0.313 

27.2 

1 minute 


15.0 

0.310 

0.200 

27.5 

30 minutes 


10.0 

0.312 

0.305 

26.6 

16 hours 

so 

11.0 

0.361 

0.209 

28.6 

1 minute 


12.5 

0.310 

0.200 

27.5 

30 minutes 


11.3 

0.312 

0.195 

26.8 

16 hours 

10 

5.0 

0.201 

0.201 

32.0 

1 minute 


6.7 

0.310 

0.180 

32.5 

30 minutes 


6.0 

0.312 

0.167 

30.6 

16 hours 

0 

0 

0.261 

0.261 

6.0 

1 minute 


Co: Initial concentration In millimoles per liter. 

C : rinal concentration in millimoles per liter. 

A : Amount ot solute adsorbed in mlUltnoles i>er 100 g. 


attention on a triangular space between three spheres. When the 
space is full of water the surface is minimum. As the water evap- 
orates the exposed surface of water increases until the pendular 
stage is reached, wheVwit suddenly decreases as the continuity of 
the water film. Is brokei^ Henceforth, the surface decreases until 
a state of conuplete dryn^ is reached. 

This is exactly whe^'ISQ^ens in the case of adsorption. At the 
higher humi^ty the aurtoa* exposed is minimum, and so is the 
adsorption. Km the sUl»drle^nore and more, adsorption increases 
corres^n^ly until a 8tate\ dryness is reached; At this point 
water films e^stas Ascrete adsorption then drops abruptly, 
reaching a va/lue in the nelr ** 


tity of waters evaporated* 


of zero when the entire quan- 
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This view brings us into partial conflict with the idea of partition 
coefficient between two immiscible liquids which we were trying to 
introduce into the line of argument. However, a moment’s reflec- 
tion will make it clear that the conflict is purely superficial, for 
partition coefficient is essentially a phenomenon associated with 
the interface. It is perfectly true that when two immiscible liquids 
are brought into contact without mlxir^ or shaking, the equilibrium 
Is confined to the interface. It is because the area of the interface 

so small that ordinary analytical methods fail if confined to the 
interface alone. The object of shaking is twofold: to increase the 
area of the interface, and by continuously exposing fresh surfaces 
eventually to attain a state which amounts to having mono molecular 
layers of the two liquids lying flat against each other. Thus without 
going into the question as to how deep is the influence of the inter- 
face, even a monomolecular layer of water on a surface would be 
capable of adsorbing from an immiscible liquid. 

The fact that equilibrium is attained almost instantaneously con- 
firms the view that adsorption is confined to the interface, and that 
there is no diffusion into the body of the liquid held in the capillar- 
ies. It Is not unlikely that the solute molecules are oriented at the 
Interface and exist partly in the water and partly In the other liquid. 

In order to see If water held by salt hydrates would show similar 
behavior, a dilute solution of CUSO4 was added to alcohol which was 
kept violently stirred. A very fine precipitate of CUSO4 . 5H2O was 
obtained, which it was hoped will have a large surface. Adsorption 
of benzoic acid in benzene was studied with this, exactly as in the 
case of silica. There was absolutely no adsorption. The experi- 
ment was repeated with Na2SO4.10H2P prepared in the same man- 
ner. There was no adsorption in this case. 

In the discussion of the absorption of moisture by dehydrated 
salts, it was pointed out that the essential difference between salt 
hydrates and capillary and porous bodies is the nature of the cap- 
illaries, which in salt hydrates is so constituted that the actual sur- 
face exposed is extremely small. On that basis alone any adsorption 
of a solute from an immiscible liquid will be ruled out. Evidently 
the method of reducing the salt hydrates to a fine state of subdivi- 
sion by precipiUting them in alcohol is not very effective. It may 
still be possible to reduce a salt hydrate to colloidal dimensions 
and study the adsorption with an immiscible liquid. In any case 
even if we suppose that adsorption with salt hydrates does not occur 
because water is chemically held, we are still left with the inevitable 
conclusion that water in silica must be held differently down to the 
last traces. 

As has been stated before, the adsorption of gases by solids has 
been studied extensively without recognizing the importance of mois- 
ture that may be present in the adsorbent. During the researches 
on the subject the experimental technique has been brought to per- 
fection. The author started with the primary object of studying the 
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solubility of gases In tbe absorbed water; the choice of gases and 
We technique was perforce restricted and spedalited. Of the gases, 
CO2, SO2 and HjS appeared to be sulUble on account of their ap- 
preclable solubility and ease of estimation by chemical methods. 
Gels of silica and alumina were chosen as absorbents for their high 
wsorpUre power for water. AU three gases were used with silica, 
but with alumina only the absorption of CO2 was studied, aa it was 
feared that there may be some chemical reaction between the other 
gases and alumina. 

Cels of silica and alumina were prepared In the usual way by 
precipitating from sodium silicate and A 12(80413 with HCI and ammo* 
nla, respectively, under violent stirring, followed by thorough wash- 
ing with distilled water. Several samples of both silica and alumina 
were dried at various temperatures; this gave a series of capillary 
systems similarly constituted, but differing In absorptive capacity. 
These will be referred to as Si and A 1 with the numeral following 
l^ntbcating the temperature to which It has been heated; forlnsUnce 
81 250 represents the sample of silica heated to 250^. Similarly 
Al 450 Indicates a sample of alumina heated to 450^. 

Five grams of each of the gel samples were spread out In petrl 
dishes and placed In desiccators over H2S04- water mixtures, giving 
appropriate humidities. After a week, when equilibrium with mois- 
ture had been attained, the gas was let In and the air swept out. 
The desiccator was then closed. The sample was kept In contact 
with the gas for 24 hours, the gas being renewed after every eight 
hours. After the equilibrium had been established in each case, the 
samples were boiled with C02-free water, using a K)eldal trap into 
standard baryta in the case of C02» and Into Iodine solution in the 
case of SO2 and H2S. Control experiments were run In each case. 
From the known weight of moisture absorbed by each sample from 
the various humidities the volume of the gas dissolved In 1 gram of 
the capillary moisture was computed. It was of course assumed 
that the dissolved gas Is uniformly distributed In the entire body of 
the absorbed water; though this may not be the case, It will not ef- 
fect the line of argument. In Table 91 are given the moisture con- 
tents of the various samples In equilibrium with different humidi- 
ties. It will be seen that at 900^ the capillary structure of silica 
Is completely broken down and that there is no absorption of mois- 
ture at any humidity after the sample has been subjected to this 
temperature. At lower temperatures there Is a progressive de- 
crease In its absorptive capacities which can be accounted for only 
by a progressive fusion of the particles, the process being complete 
at 900®C. 

The volume of each gas at N.T.P. absorbed per gram of water 
held in each sample was computed from the total amount of gas 
taken up by a known weight of the sample and its moisture content. 
The results are given in Table 92. It will be seen that, as in the 
case of solution, adsorption decreases with increase in moisture 
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content, and siznilar arguments vould apply as well in this case to 
account for this behavior. Whether ve say the gas is adsorbed or 
dissolved in the capillary water is immaterial for the present; but 


TABLE 91. MoUture absorption by sUlcn and alumina heated to different 
temperatures from atmospheres of various humidities. 


gampls 

No. 

Percentage absorption of moisture from various 
humidities 

10% 

30% 

50% 

70% 

90% 

97.6% 

96.9% 

Si 260 

6.02 

18.42 

26.1 

55.6 

40.2 

45.4 

46.62 

Si 460 

2.68 

7.12 

13.26 

24.3 

55.62 

57.8 

56.2 

Si 650 

1.44 

2.60 

4.60 

8.2 

15.6 

16.0 

16.4 

Si 800 

0.53 

0.66 

1.46 

2.16 

2.62 

3.04 

3.12 

SI 900 

0 

0 

0 

0 

0 

0 

0 

A1 260 

8.46 

25.1 

50.6 

56.6 

46.0 


S5.6 

A1 450 

5.92 

12.1 

16.32 

26.64 

34.2 


40.46 

A1 650 

0.68 

1.44 

5.26 

6.4 

6.96 


10.42 


TABLE 92. Volumes of various gases absorbed per gram of 
capillary water held In samples of slUea and alumina. 


Sample 

cc of gas absorbed per gram of water held at 
different binnidiHAft 

No. 


30% 

50% 

70% 

90% 

\ 

99.9% 




.Carbon dloxld 




Si 360 

26.61 

20.26 

16.46 

10.45 

6.76 

3.90 

2.45 

81 450 

23.24 

16.47 

16.53 

12.28 

4.80 

2.42 

2.60 

SI 660 

25.6 

20.12 

19.12 

9.U 

5.42 

2.66 

2.10 

61 600 

25.0 

16.66 

15.00 

10.20 

5.16 

3.12 

2.40 

A1 250 

28.43 

23.47 

21.10 

14.64 

7.26 


2.52 

A1 450 

30.10 

24.0 

20.24 

15.00 

6.62 


2.68 

A1 650 

31.64 

24.12 

16.08 

13.65 

7.45 


3.04 




Hydrogen sulfide 



SI 350 

28.24 

30.13 

11.34 

7.26 

4.06 


2.12 

Si 450 

37.60 

16.03 

13.16 

6.43 

4.92 


1.99 

81 650 

27.20 

16.60 

13.00 

8.10 

4.00 


2.02 

81 800 

27.32 

19.42 

10.46 

7.64 

5.62 


1.12 




Sub 

Pur dioxld 

9 



81 250 

124.62 

70.46 

51.64 

45.26 

16.62 


9.22 

81 460 

118.47 

64.28 

54.24 

42.10 

19.00 


10.14 

81 660 

120.26 

66.16 

53.10 

42.24 

19.24 


10.32 

Si 800 

126.19 

70.0 

50.02 

42.16 

18.60 


9.68 


it is important to know whether it is confined only to the surface of 
the water, or whether the gas had penetrated deeper into the capil-* 
lary layers. In view of the extremely low rate of diffusion of a gas 
in water, it Is perhaps more correct to assume that the gas is taken 
up only by the molecules of the exposed water surface. In any case, 















490 


SOIL MOISTURE 


toe results obtained can be accounted for only by the view that toe 
surface of the water Interface decreases as the moisture content 
increases, which could happen only if the water was held in capil- 

polymolecular films, though at 
* humidities toe possibility of monomolecular films is not 
ruled ^t. We do know, for instance, that moisture held at 4-5% 
humidity is just enough to give a monomolecular layer on the total 

adsorbent. Whether at that stage 
toe water still chooses to occupy the Isolated capillaries or spread 

V®. ‘s more than one can say; but we must 

‘ ®hall be forced to regard the sur- 

i« responsible for capillary condensation 

as idenhcal with toe residual valencies which cause monomolecular 


TABLE 93. Volume ot CO^ absorbed per ol alcohol held In 
samples of aillca and alumina. 


SampU 

cc ol CO 2 absorbed per irram ol alcohol at 


different hiimiHttt** 


No. 

26.14% ' 

47.56% 

n.13% 

91.2% 

SI 250 

29.20 

24.12 

13.40 

8.46 

81 450 

28.62 

22.68 

14.22 

10.12 

61 650 

30.49 

24.32 

14.20 

8.26 

Si 900 

30.00 

23.84 

13.92 

9.42 

A1 250 

34.12 

24.20 

15.26 

11.10 

A1 450 

1 32.04 

25.18 

16.00 

10.42 

A1 650 

34.16 

22.28 

1 

16.12 

12.00 


In order to show that the phenomenon of adsorption of gases by 
capillary water is of a general character, alcohol was substituted 
for water. Alcohol-glycerin mixtures giving different relative vapor 
pressures of alcohol were prepared, and the e7q)eriment on absorp- 
tion of C02 was repeated exactly as in the case of water (Table 93). 
It Is clear that the general run of results is in no way different 
from those with water. However, CO 2 is absorbed more than in 
water at corresponding humidities. This is consistent with the fact 
that CO 2 is more soluble in alcohol than in water at the same pres- 
sure. Solubility, therefore, must play an imporUnt role in these 
experiments, even If adsorption is confined to the surface. K sur- 
face tension played the dominant role we would have expected a 
lower absorption of CO 2 for alcohol. Another method of throwing 
light on this question would be to study the absorption of CO 2 in 
capillary water at different temperatures. As temperature has 
very little effect on the surface tension of water, but a very great 
effect on the solubility of gases, the magnitude of the differences 
in absorption will decide whether the phenomenon is due to solubility 
or to adsorption of a sort. 

For this study soils were used instead of silica, partly with the 
object of confirming the previous results with a substance of diverse 
nature. A few typical soils were selected. Some of their single- 
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constants are given in Table 94, and moisture content - vapor 
pressure relationship In Table 95. The soils were first leached 
vlth 0.05N HCl and then with water, the final washli^ being given 
by alcohol before drying in an oven at 100-1 10®C. Forty-gram 
portions of the oven-dried soils were brought into equilibrium with 
^mospheres of different humidities In desiccators, followed by ex- 
posure to CO2 gas for 24 hours. The amount of CO2 absorbed was 
determined as before by adsorption in standard baryta. 


TABLE 94. Single- value constants of soils used lor CO 2 absorption. 



Exchuge capacity 
(m.cyiOO g) 

Clay (%) 

pH 

6 

27.7 

31.4 

5.29 

13 

50.0 

60.3 

6.53 

153 

46.6 

25.9 

7.46 

167 

11.0 

16.9 

6.47 

202 

18.0 

20.10 

6.37 

227 

16.5 

10.40 

7.01 

233 

26.6 

37.2 

6.28 

296 

25.6 

11.65 

6.65 


TABLE 9$. Moisture absorption of soils from atmospheres 
of different humidities.* 



% M 

Qi8turc_a 

baorotlAo 

1 from atmoftWiereft of (UffAr«»n» hum1dJti«A 

10« 

30ft 

50ft 1 

70ft 1 

90ft 

96ft 

97.7ft 

OOft 

6 

0.46 

0.S7 


2.17 

3.76 

4.60 

4.83 

5.49 

13 

1.77 ' 

3.7 


12.97 

16.02 

20.79 


21.31 

153 


0.60 

■ITW 

1.94 

2.06 

2.34 

2.77 

2.64 

167 


0.60 

1.11 

1.61 

1.74 

2,17 

• 

2.34 

202 

• 

0.80 

1.66 

2.29 

3.10 

3.47 

3.39 

3.67 

227 

0.52 

0.70 

1.12 

1.68 

1.99 

2.18 

2.20 

2.48 

233 

0.90 

1.95 

4.23 

5.49 

7.16 

9.17 

. 

10.09 

296 

0.40 

0.57 

0.76 

1.67 

1.46 

1.94 

2.02 

2.31 

212 

0.63 

0.68 

1.26 

2.43 

• 

3.42 

• 

3.90 


* Moisture absorption determined after acid treatment and leaching. 


Experiments were conducted at three different temperatures, 
viz., 0, 20 and 40^C. During moisture and CO2 absorption the des- 
iccators containing soils were kept in an ice bath for observations 
at O^C and in incubators maintained at the requisite temperature for 
observations at 20 and 40^. The results, given in Table 96, bring 
out clearly the enormous effect of temperature on absorption of 
CO2. As in the case of silica and alumina, absorption per gram of 
capillary water at a particular humidity and temperature is con- 
stant, irrespective of the nature of the soil. It therefore appears 
highly probable that CO2 absorbed by soils in nature is in reality 
dissolved in soil moisture. If this view is correct, dry soil should 
not absorb any CO2 at all. 
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ealh tfsts were made on dry soils. One portionof 

each sample was driedinanairovenat 110®C and the other at 200»C 
in a current of dry air. The amounts of CO2 taken up by 40 grams 
of dry soil are given in Table 97, along with the amounts taken up 
by the same soils In equilibrium with 10% humidity. There is ap- 
preciable absorption in soil dried at 110<>C, especially at 0"C. This 
is not surprising in view of the fact that It is impossible to expel 

TABLE 88. Volume of COj (at N.T.P.) absorbed by 1 gram of capillary 


doll No. 

P.c, 

TemDOnture 40*r 

ce 

10% 

Of (;U2 

1 SIS 1 

>rte4 byT 

verlAue hin 

76% 

g Of cepUla 
BELldlUen 

1 

iry water w 

E 

6 

19 

ISS 

167 

313 

227 

293 

296 

Avenge 

96.26 

44.71 

40.06 

37.50 
99.64 

41.51 
46.04 
96.26 


7.71 

11.10 

0.94 

9.09 

10.99 

10.76 

10.96 

10 67 

wVli 

6.91 

6.90 

7.96 

6.S7 

6.60 

6.60 

6.74 

H 

99% 

, 4.96 

5.98 

9.99 
3.66 
4.29 
3.91 
9.47 

40.13 

10.69 1 

0.69 

6.67 


4.96 


T>mpar»tur# 20*C 


6 

163 

167 

202 

227 

296 


20.66 

29.06 

29.16 

29.96 

22.90 

32.05 

jiB 

■iVTH 


11.44 

10.16 

9.94 

11.90 

10.28 

10.46 

10.06 

9.62 

8.37 

11.23 

9.56 

6 7a 

Avenge 


22.68 

1 U.66 


10.69 

9.60 



Tespenhire 0^ 



6 

69.71 

98.46 

28.67 

1 

1 

29.21 

30.64 

169 

79.10 

66.69 

23.69 


20.96 

20.90 

167 

78.70 

66.61 

28.01 


21.57 


212 

79.84 1 

56.0 

24.74 


29.67 


227 

72.49 

66.70 

24.47 


21 19 

19.66 

296 

- 69.86 



24.20 


21 26 

10 Ad 

Average 

72 10 

66 16 

28.76 


21.96 

1 

20.07 


the last traces of water by heating the soil at 100-110®C, It is also 
not unlikely that at 0^ some moisture Is taken up by the soil, as 
no special precautions were taken to exclude It rigidly. 

From the foregoing it may be concluded that the gases absorbed 
by porous substances are not condensed as such in the caplUary 
spaces y but are dissolved in the capillary- condensed liquid. The 
fact that most of the gases usually taken up by silica, charcoal, 
etc., from the prevailing atmospheres are easily liquefiable has led 
to the common belief that they are condensed in the capillary spaces. 
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TABLS 97. AbvorpttOD of CO3 bjr soils drlsd at 100 and 300^. 



cc of CO] absorbed br 

40 c sou at 0^ 

cc of CO2 al 
40 6 sol] 

>sorbed br 
at 40^ 




rled at 

Twwr 

la equUlhriom 
with 10% humldltT 

9 

9.86 . 

13.69 

1.96 

0.44 

6.79 

19S * 

9.06 

14.99 

1.96 

0 

7.61 

167 

4.46 

13.69 

0 

0 

6.97 

912 

9.06 

19.65 

0 

0 

6.97 

337 

3.69 

16.06 

0.63 

0 

6.65 

306 

9.06 

11.45 

0.64 

0 

9.65 

369 



0.83 

0 

16.31 

19 



3.63 

0 

91.61 


But It is significant that these very gases are soluble In water, and 
therefore are likelyto be taken up by the capillary- condensed water. 



CHAPTER XIV 


INFLUENCE OF SALTS ON MOISTURE 
ABSORPTION BY SOIL 

The presence of soluble salts in soils Is known to affect their 
hygroscoplclty to a marked extent. The difference becomes appre- 
ciable at a certain critical humidity which corresponds to the vapor 
pressure of the saturated solution of the salt. This indicates that 
capillary moisture is as good a solvent for salts as water in bulk. 
Some years ago» following the work of Bouyoucos and his co-workers, 
there was a good deal of controversy over the question of '^unfree 
water'* in soils. It originated from the observations of Bouyoucos 
that freezing-point depression of moist soil increased in geometric 
progression as the moisture content decreased in arithmetic pro- 
gression. At that time it was supposed that the freezing-point de- 
pression of moist soils was due to salts dissolved in the soil water. 
It was not realized that lowering of the vapor pressure of water 
when held in capillaries is thermodynamically related to decrease 
of its freezing point or rise in its boiling point. The whole contro- 
versy, though based on wrong assumptions, resulted in some useful 
work, which has a bearing on the present discussion. It was very 
pertinently argued that if thecapillary water in the soil was ‘unfree**, 
in the sense that it was not available for dissolving any soluble 
material, then it should be possible to extract a certain amount of 
water from a solution by adding dry soil to it. Numerous experi- 
ments designed to elucidate this point gave negative results. 

Keen, who subjected Bouyoucos* data to a comprehensive mathe- 
matical analysis, concluded that if the abnormal freezing-point 
depression of soils at low moisture content was due to a part of the 
water being ‘unfree”, then the quantity of water thus rendered un- 
free must vary with the total moisture content. This will be clear 
from Table 98, wherein are recorded the results of lowering the 
freezing point of a clay soli at different moisture contents (examined 
by Bouyoucos). The theoretical freezing-point depression has also 
been calculated, assuming the inverse proportionality law to hold 
good. From the theoretical and actual values of freezix^-point de- 



495 


h^flubnce of salts on absorption 


nr ess ion, the amount of unfree water has been calculated. Thus to 
account for abnormal freezing-point depression we have not only to 
postulate the existence of unfree water, but to suppose that Its 
^ount must vary with the moisture content. 

Later, Bouyoucos developed another method for finding the amount 
of unfree water, which he called the dilatometer method. The prin- 
ciple of this is based on the fact that water expands on freezing; 
Isnowlng the coefficient of expansion of water on freezing and also 
the total water content of a soil, the amount of water that freezes 
(free water) and does not freeze (unfree water) can be calculated. 


TABLE 98. Lowering of the freeslng point of a elay soil at different 
moisture contents, with the calculated unfree water (Bouyoucos). 


Moisture content 
<%) 

Thecmtlcal 

P.P.D. 


Calculated 
unfree water 

{%) 

34 

0.034 

0.034 


32 

0.038 

0.042 

4.5 

30 

0.03d 

0.062 

11.1 

28 

0.041* 

0.082 

14.0 

26 

0.044 

0.127 

17.0 

24 

0.048 

0.212 

18.56 

22 

0.053 

0.307 

18.21 

20 

0.0S8 

0.580 

18.00 

18 

0.064 

0.922 

16.75 


The moist soil is held in a dilatometer filled with ligroln and 
frozen at different degrees of super-cooling. For classifying the 
moisture into various forms the following principle was observed: 
All the water In the soil that freezes at or slightly below O^C is 
considered free water, because pure water In mass is known to 
freeze at this temperature. All the water that freezes from this 
temperature down to -78^ is regarded as capillary-absorbed water; 
while all the water that fails to freeze is considered unfree water. 
With this technique Bouyoucos found that the amount of water which 
soils are able to render unfree does not vary with the moisture 
contents, but appears to remain constant. 

This discrepancy between the results of the freezing-point de- 
pression and the dilatometer methods leads to two alternatives: 
either the abnormal freezing-point depression is due partly to unfree 
water, which is constant, and partly to an unknown factor, which is 
variable; or the unfree water that causes the abnormal freezing- 
point depression is not identical with the unfree water that falls to 
freeze even at -78^C. In view of the importance of the contact angle 
in determining the entry of liquids into minute capillaries it would 
not be surprisii^ if a liquid like ligroln failed to wet some of the 
smallest capillaries. Thus the water held in them, even if it did 
freeze, would show no corresponding change In the volume of the 
ligroln with which the dilatometer is filled. 
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The diUtometer method Is defective in another respect loo, name- 
ly, that it depends on the assumption that the change in volume of 
water on freezing Is the same when it is held in minute capillaries 
« in bulk. This may or may not be true. It must be remembered 
that in view of surface-tension forces, the surface film of a liquid 
a few molecules in thickness may be compressed. This would make 
no difference in the density of the liquid in bulk, but when it is 
spread out so as to expose a surface which is large compared to 
its mass, then the total mass might behave as a denser liquid, as 
if It were compressed. In this condition the change In volume on 
freezing may be quite different from that of the liquid in bulk. 

Parker in a series of papers arrived at the following conclusions: 

(1) That a much greater increase In the freezing-point depression 
of soils with decrease in moisture content than indicated by the Law 
of inverse proportion is due to the solid material, and not to the 
existence of unfree water, which would cause a greater concentra- 
tion of the soil solution. This was supported by experimental evi- 
dence, where it was shown that solid material caused a depression 
of the freezing point of water, benzene and nitrobenzene in the film 
or capillary condition. 

(2) Alcohol and glycerin solutions are not made more concentrated 
when added to dry soil, as would be the case If part of the water 
were rendered uMree by the soil. Therefore, all the water must 
act as a solvent and exist in the liquid condition. 

($) It is possible to displace part of the soil solution from a soil, 
the moisture content of which is less than that of the unfree water. 

The evidence adduced by Parker against the hypothesis that a part 
of the water in soils is inactive or unfree, i.e., does not act as a sol- 
vent seems to be fairly conclusive. However, McCool and Weldemann 
later showed that when soil was added to sucrose solution it ex- 
tracted some water, leaving the solution more concentrated. By 
measuring the Increase in concentration of molar sucrose solution 
when brought into contact with different soils and soil separates by 
the freezing-point method, they found that some organic soils could 
render as much as 26 to 35 per cent of the water unfree. 

They have also recorded some experiments on the increase of 
concentration of potassium In KCl solution when brought into con- 
tact with soils. This result is similar to that obtained in an earlier 
work by McCall, Kildebrandt and Johnson, who noticed negative ad- 
sorptions In the case of potassium. These results, however, cannot 
be cited In support of the hypothesis of unfree water, as sufficient 
attention was not paid to the phenomenon of base exchange and the 
distribution equilibrium between the soil and the solvent. 

Sucrose on the other hand does not react with soil and is not ab- 
sorbed by it; therefore, the results obtained with this substance are 
of considerable interest, because if the increase in concentration 
of the sucrose solution as measured by the freezing-point method 
cannot be accounted for in any other way, then not only is the hy- 
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pothesis of unfree water substantially correct, but we are provided 
^th a simple means of measuring the capacity of soils for rendering 
water unfree. It seems, however, that these workers overlooked one 
important factor, namely, the possibility of inversion of sucrose by 
the soil, which will result in a lowering of the freezing point and 
causing the solution to appear as if it has become more concentrated. 
That such inversion does take place has been shown conclusively 
(Part I, Chapter VI). 

Two factors have been shown to be important in this connection - 
the acidity of the soil and the temperature. The authors themselves 
showed that considerably more water was removed by organic soils 
(higher acidity) than others, and much more so when the samples 
were maintained at a temperature higher than that existing in the 
laboratory. This was evidently due to the enhanced rate of inver- 
sion at higher temperatures. It was, therefore, decided to study this 
phenomenon, using sugar solutions of varying concentrations and 
under conditions that precluded the possibility of the results being 
vitiated by inversion. 


TABLE 99. Soils used for F.P.D. experiment. 


Soil 

CUy j 

(.002-mm) 

(%) 

HygroaeoplcUy 
at 60% humidity 

(%) 

Oonrl (Puea) 

43.6 

2.65 

Montgomery 

78.0 

4.06 

Hoos Field (Rothamsted) 

36.2 

3.37 

Akola (black cotton aotl) 

60.6 

10.00 


Four soils were examined for this purpose^ These are given in 
Table 99, along with their clay content and moisture absorption at 
90% humidity. The soils were first freed from all soluble salts and 
replaceable bases by exhaustive treatment with 0.05N HCl, followed 
by prolonged leaching with water. After treatment the soils were 
dried over sulphuric acid in vacuum desiccators. The Beckmann 
technique of determining the freezing point was used to study the 
changes in concentration. 

To 25 cc of redistilled water varying amounts of pure sucrose 
were added and the freezing points noted; 25 grams of dry soil were 
then quickly added and the freezing point again noted. A change in 
the freezing point was a measure of the change in concentration. 
Equilibrium was attained in about IS minutes and was noted when 
three consecutive readings agreed within 0.002®C; as a rule the 
agreement was even better. To prevent inversion of sucrose by 
soil, it is important that the temperature of the mixture should 
hcver be allowed to rise above 6 to 6®C. At this low temperature 
no inversion was noticed even after 24 hours. 

The results given in Table 100 show that up to a concentration 
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f ^ ^ ^ depending on the nature of the soil, the 

‘ to absorb the sugar solution as such. From concen- 
tration higher than a certain minimum the soil evidently takes up 
a soluUon of a weaker concentraUon, the amount of which is more 
or less constant for a given soil. 

The figures in brackets indicate the percentage of sugar solution 
of a weaker concentration absorbed by the dry soil (x). These have 
been calculated by the formula: 


X 



(f-ry . (t - u) 


freezing point of sucrose solution 
freezing point of sucrose solution which the soil can 
absorb as such (l.e., the point of Intersection of the 
two portions of the curve obtained by plotting the 
concentration of sugar solution as abscissa, and 
freezing-point depression as ordinate), 
freezing-point lowering produced in the solution 
by soil. 

freezing-point lowering produced in water by soil. 


TABLE 100. Change in the freesing-polnt depression of sugar 
solutions due to the addition of IS g ^ dry soil. 


Cm of sugar 
added to 25 cc 
of water 

P.P.0. 

No. 1 

No. 2 

No. 3 

No. 4 

0 

0.010 

0.010 

0.011 

0.008 

O.S 


0.010 

0.010 

0.000 

1 

0.010 

0.010 

0.010 

0.011 

2 

0.012 

0.010 

0.011 

0.032( 9.93%) 

3 

0.012 

0.018(4.84%) 


0.061(10.73%) 

4 

0.013 

0.030(4.68%) 

0.029 

0.090(10.66%) 

5 

0.011 

0.041(4.72%) 

0.041 

0.117(10.64%) 

6 

0.015 

0.052(4.44%) 

0.050 

0.142(10.26%) 

S 

0.018 


0.059 

1 

0.196(10.04%) 


Where F * 
F' » 

L e 
L' m 


The phenomenon noted In the case of sugar solutions might be due 
to a critical molecular assoclationofthesugar and water molecules, 
and the limiting size of the capillaries that are responsible for 
moisture absorption. The results, however, leave no doubt that 
moisture held in the capillaries is as good a solvent as water in 
bulk. The fact that highly concentrated sugar soluUon is not ab- 
sorbed as such rather supports the capillary theory, according to 
which a purely physical hindrance to the entry of associated mole- 
cules of water-sugar is conceivable. 

By using 0.05K and O.IN solutions of chlorides and nitrates of 
potassium and sodium, the author found no change in concentration 
of nitrate or chloride ions when shaken with a dzy soil which showed 
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the highest negative adsorption in sugar solutions. Before shaking 
with these salt solutions the soil vas converted into potassium and 
sodium saloids, respectively, so that there was no interference 
from base exchange. The values for sugar solution absorption run 
parallel to those for vater absorption at 50% humidity, and bear no 
relation to the clay content (Table 99). As a matter of fact, by a 
strange coincidence they are almost equal to moisture absorption 
at $0% humidity. Soil No. 1 shows very little effect. 

The fact that the moisture absorbed by soils acts as a solvent Is 
a strong argument in favor of the capillary condensation theory. 
Not only is the capillary moisture capable of dissolving salts, but 
the hydration and dehy Nation of salts goes on normally In the min- 
ute capillaries. A notable example of this phenomenon is that of 
Na2304, which is normally present in saline soils. It forms a num- 
ber of hydrates, of which the deca-hydrate (Na2S04 . IOH2O) is the 
most Important. This hydrate occupies 82.5% more space than the 
anhydrous salt. When this enormous increase in volume takes place 
in minute capillaries the results are disastrous for the entire struc- 
ture. The capillaries are ripped open and even the hardest stones 
crumble into powder. The critical humidity for the formation of 
the hydrate 1$ about 80% and critical temperature about 32^C. There- 
fore, if the temperature or humidity alternates above and below 
these critical points, the structure is bound to fail toapowder. The 
practical Importance of this phenomenon is obvious. 

At higher humidities the change in hygroscopicity of the saline 
soli is so phenomenal that It cannot be mistaken. At lower humid- 
ities the change, if any, must be ascribed to surface-tension effect 
and therefore must support the capillary condensation theory. The 
choiceof the proper salt for studying the effect of changes in surface 
tension on hygroscopicity Is rather restricted in view of the slight 
effect on surface tension produced by most of the common salts. 
Sodium stearate has certain advantages in this connection. In spite 
of its limited solubility it has an appreciable effect on surface ten- 
sion. Besides, unlike other salts, it does not crystallise out from 
water, and thus a more uniform distribution is insured. Another 
advantage of this salt is that very little moisture is taken up by it, 
even at humidities as high as 90%; therefore the effect on the vapor 
pressure of the capillary system containing it is purely due to the 
lowerii^ of the surface tension of the capillary water. 

Nine typicalsoils were selected for this experiment. Two 10-gram 
portions of the various soils 10 cc of 1% sodium stearate solution 
were added, and the resulting pastes, after beii^ well and uniformly 
mixed, were dried first in the air and then over concentrated H2SO4 
in a desiccator. Two-gram portions of the 'salted^ soils were kept 
over atmospheres of different humidities and the percentage mois- 
ture absorption based on the weight of the dry soil was determined. 
The amount of sodium stearate present in each soil was more than 
sufficient to give saturated solutions with water picked up from at- 
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mosp^res of varying humidity up to 90%. The results of moisture 
absorpUon - vapor pressure relationships in soils with and without 
sodium stearate are given in Table 101. H sodium stearate did not 
dissolve in the capilUry moisture, the values for equiUbrium mois- 


TABLE 101. Humldity-molature content relationship of soils without any 
8W (t) and in lha preaenca of sodium stearate (il a and il b), 
determined and corrected values respectively. 


Relative 

humidity 

(%) 

Equilibrium moisture con 
and wlthi 

teat of various soils with 
out salt 

P.C. 

e 

• 

P.C. 

123 

P.C. 

154 

P.C. 

167 

P.C. 

212 

P.C. 

227 

P.C. 

296 

10 (1) 

0.43 

2.80 

1.39 

0.64 

0.25 

0.34 

0.35 

0.40 

(11 a) 

0.34 

1.90 

0.95 

0.22 

0.20 

0.27 

0.29 

0.26 

(11 b) 

0.40 

2.30 

1.15 

0.32 

0.22 

0.95 

0.30 

0.275 

30(1) 

0.62 

3.85 

2.14 

0.96 

0.38 

0.87 

0.56 

0.41 

(11 a) 

0.6i 

3.00 

1.60 

0.62 

0.27 

0.84 

0.43 

0.39 

(11 b) 

0.72 

4.28 

2.10 

0.88 

0.36 

0,70 

0.54 

0.47 

80(1) 

1.20 

7.75 

4.50 

1.45 

1.10 

1.50 

0.90 

0.85 

(11 a) 

0.98 

7.10 

4.05 

1.47 

0.90 

1.20 

0.67 

0.76 

(lib) 

0.9$ 

7.80 

4.40 

1.80 

0.97 

1.30 

0.93 

0.80 

70(1) 

1.27 

9.00 

6.02 

1.67 

I.IS 

2.06 

1.28 

0.96 

(11 a) 

1.03 

8.35 

8.03 

1.61 

1.03 

1.56 

1.00 

0.86 

(11 b) 

1.20 

8.80 

8.60 

1.67 

1.10 

1.69 

1.14 

0.98 

90 (0 

3.36 

11.80 

9.95 

2.98 

2.00 

2.60 

2.35 

1.95 

(11 a) 

2.60 

11.95 

9.55 

1.90 

1.80 

2.26 

1.80 

1.50 

(lib) 

2.70 

: 12.20 

1 

9.85 

1.94 

1.70 

2.30 

1.91 

1.62 


ture content would be the same with and without the salt« The dlf- 
ferencesy however, are appreciable and in the direction expected. 
This will be clear from the following discussion. 

The surface tension of water is 75 dynes/sq cm, and that of a 
saturated solution of sodium stearate 65 dynes/$q cm. From the 
general relationship: 

pF a 6.5 • log|Q(2 - logioM 
where h * relative humidity 

and pF a log of height in cm to which liquid would rise in a 
capillary of a particular diameter, which is equal 
to log KT, where T is the surface tension and K 
is a constant that depends on the density of the liq« 
uidy which in the case of sodium stearate is almost 
equal to that of water. 
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Thus, Other things being equal, the pF of a moist soil will depend 
on the surface tension of the absorbed liquid. Since for sodium 
stearate solution it is equal to 65 dynes/ sq cm, we can calculate 
the pF and from that the relative humidity of the soil when sodium 
stearate solution is substituted lor water. These values are given 
below: 


Relative humidity 

Corresponding humidity in 

in water 

sodium stearate solution 

10 

13.6 

30 

35.22 

50 

54.83 

70 

73.45 

90 

91.20 


With the help of these values we can apply a correction to the 
moisture content of the soil at various humidities in the presence 
of sodium stearate; and if the theoretical reasoning is sound, the 
corrected values should cor respond to those obtained without sodium 
stearate. The corrected values have been included in Table 101 and 
show a marked improvement In the agreement between the two sets 
of values. The results, however, must be considered of a quasi- 
quantitative nature, as the calculations are not absolutely straight- 
forward nor the differences so great as to make it conclusive that 
the data fit the theory. However, the evidence as it is supports the 
contention that capillary moisture does act as a solvent for salts 
that might be present with it in the capillary spaces. 



CHAPTER XV 


CHANGE IN VOLUME WITH MOISTURE ABSORPTION 
AND EFFECT OF MOISTURE ABSORPTION 
ON SOIL COHESION 

The phenomenonof shrinkage in soils accompanying loss of mois- 
ture is well known. Haines, in Ms study of the volume change asso- 
ciated with variations of water content in soil, has described a 
method of volume measurement by displacement of mercury in a 
constant -volume bottle. Jennings and Peterson modified Christen- 
sen's method for friability and shrinkage measurements. Soil was 
turned out with a cylindrical slope which was measured at the be- 
ginning and end of drying periods. Singh and Mathur used an appa- 
ratus employing the principle of air displacement. Puri and co- 
workers have described an apparatus for measuring volume changes, 
which is extremely sensitive and was found very satisfactory for 
such studies. 

■Description of the Apparatus 

The apparatus, shown dlagrammatically in Fig. 55, consists of a 
U-tube with arms of unequal diameters <31 mm and 13 mm). The 
narrower arm extends to a 100- cc burette tube attached to It with 
rubber tubing. It has also a side tube connected to two water res- 
ervoirs by pinchcocks, so that the water level in the burette tube 
can be raised or lowered by opening the upper or lower pinchcock. 
The U-tube is filled with pure, clean mercury, and water is admitted 
through the side tube until the burette is filled to the top division. 

The wider arm of the U-tube has a thick brass cap (also shown 
separately on a larger scale in the diagram) that fits evenly and has 
a hole on one side through which passes a thin steel rod ending in a 
prong. Attached to the steel rod is a fine-pointed needle. The steel 
rod can be raised or lowered and clamped in position with a thumb- 
screw. The needle point is viewed through a reading microscope 
and its point of contact with the mercury surface can be gauged very 
accurately, as the needle and its shadow can be focussed simultane- 
ously. 

The zero reading of the apparatus is taken when the needle point 
Just touches the mercury surface and the water level in the burette 
tube stands near the top. The brass cap is then taken off, and soil 
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in the form of a ball is placed on the mercuzy surface and pushed 
with the prong of the steel rod. The cap is then replaced in 
the same position. As a result of the added soil volume, the mercury 
surface rises. The water level in the burette tube is then gradually^ 
lowered by opening the lower pinchcocic, till the contact between 
the needle point and the mercury surface is again just made. The 
fall in the water level is then proportional to the volume of the soil 
ball, and once the apparatus is calibrated the readings can be taken 
in a very short time. 



P^. SS. Diagram of Apparatus for Measuring Soil Shrinkage 
Inset: Brass cap for the wider Umb of the U-tube 

Calibration of the instrument is carried out by adding a known 
weight of mercury to the U-tube, after taking the sero reading, and 
noting the change in the level of the water level thus produced. The 
desired magnification Is obtained first because the density of mer* 
cury is greater than that of water, and secondly because the diam- 
eter of the arm attached to the burette tube Is smaller than the 
other arm. To produce a certain change in the level of mercury in 
the wider arm, the level of mercury in the other arm must be raised 
or lowered by an amount proportional to the square of the radii of 
the two arms. 
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*u magnification of the instrument can be varied by chaneinc 

the ratio of the diameters of the arms of the U-tube, its sensitivity 
can be altered to suit individual requirements. In the instrument 
used, a magnification of 213 times was attained, so that a change 

^ shown as 21.3 cm in the burette 

wbe. It may be mentioned that a change in temperature of 5®C pro- 
to tht P"" """' magnmcation, due 

density of mercury. The calibration, therefore, 
can be taken to be independent of temperature. 

An apparatus of high sensitivity can have only a short total range, 
tor it is not convenient to have a burette tube longer than 100 cm 
Conse^ently it is not possible to measure volumes larger than 3 to 

4 cc. For shrinkage experiments this is a decided disadvantaee 
as volume changes are comparatively small when the total volume 
has to be kept within this range. This defect is remedied by taklne 
toe zero reading with a glass ball of pre-determined volume (4 to 

5 cc). This volume is added to the soil volume when readings of the 
latter are taken. The total volume changes due to shrinkage are 
then comparaUvely greater, since the soil volume is larger. 

All the previous workers on soil shrinkage worked with high mois- 
ture contents. Typical shrinkage curves of soils consist of two parts: 
The first or upper portion of the curve depends on the capacity of 
the soil to imbibe water; it is very short or even absent in sandy 
soils, and may be very long In clays. The second or lower portion 
of the curve depends upon the pore space, since it represents the 
amount of water lost when the particles are most closely packed. 
In some soils there is a certain amount of shrinkage along this 
portion of the curve. Haines called it 'residual shrinkage* and 
ascribed it to the films of colloidal material around the solid par- 
ticles which form small pads between the particles, when the first 
stage of shrinkage has brought them into contact. It is this “residual 
shrinkage*, which depends on the loss of hygroscopic moisture, that 
is our main object of study in this investigation. 

Volume changes accompanying moisture absorption are well known 
in fibrous material possessing capillary structure. Curiously the 
exlstenceof this volume change in charcoal has been used by McBain 
as an argument against the capillary condensation theory. His con- 
tention is that, according to the Kelvin equation, the water held in 
a capillary is under a negative pressure, as a result of which the 
walls of the capillaries tend to be pulled inward; since actually this 
is not the case, water cannot be absorbed by capillary condensation. 

There is a fallacy in this argument, which needs clarification. 
The belief that water held in capillaries is under tension or com- 
pression is totally erroneous. We must remember that surface 
tension is purely a surface phenomenon; its influence does not ex- 
tend to more than a few molecules deep into the body of the liquid. 
If this were not so we should be faced with the absurd possibility 
that the walls of a closed vessel full of water would collapse under 
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the pressure that could be created by simply boring a tiny hole in 
one side - and the smaller the hole the greater the chances of col- 
lapse* 

It is true that if one pumped pressure into such avessel, the sur- 
face tension of the liquid in the capillary hole would be capable of 
holding that pressure without the liquid blowing out of the hole. Or 
the vessel could be connected to a negative pressure without the air 
leaking Into the vessel through the hole. The pressure, positive or 
negative of course, will be determined by 2 r/r, where r in this case 
is the radius of the hole. 

Now let us consider the hole itself. The edge of the hole is being 
hard put to maintain the concave shape of the meniscus, and if its 
walls were elastic, it would become wider, until the concave menis- 
cus assumed the shape of plane water, according to the well known 
principle that potential energy must tend to be minimum. 

In the case of a cellular structure • an assemblage of particles 
of various dimensions - it is not difficult to conceive that concave 
surfaces created by the absorption of moisture would tend to push 
the particles apart and widen the capillaries. This is not a case of 
volume-for-volume expansion, but rather one in which a portion of 
the structure is pushed apart at Isolated points, leading perhaps to 
a reorientation of the pore space. In this region, therefore, we 
cannot expect a change in volume equal to the volume of water ab- 
sorbed, which is the case when water is absorbed in bulk in macro 
capillaries. If we are taking into account bulk change in a porous 
body, the increase in apparent volume may actually be more than 
the volume of water absorbed. 

Twelve soils were selected for this study. In every case the air- 
dry soils had been passed through a 1-mm mesh. Each soil was 
first made into a paste, and worked into the shape of a sphere of 
approximately the same size. These spheres were air-dried first 
and then placed over concentrated sulphuric acid in a vacuum des- 
iccator. They were weighed occasionally until there was no change 
In weight over a period of two days. This was taken as the dry 
weight and volume of the spheres when free from water. 

The dry spheres were then allowed to take up moisture from var- 
ious humidities by keeping them over H 2 SO 4 - water mixtures of 
appropriate humidity, starting with the lowest and gradually work- 
ing up to the highest. The moisture content at every stage was de- 
termined by weighing, and the volume was found by the volumeter 
described. These spheres were then gradually dried stepwise, at 
different humidities, and volume determined at every equilibrium 
point. The results are given in Tables 102 and 103. The hysteresis 
effect is very well brought out in these results. 

It will be seen that change in volume is considerable even on the 
absorption of moisture from humidities as low as 10%. There is no 
regularity in the results; the soils do not show the same change in 
volume per unit absorption of moisture. All the same, when the 
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percentage moisture absorbed is plotted against the values for per- 
cents ctenge in volume we get a mean Une which shows in a gen- 
wal way the correlation between moisture absorbed and change in 
volume in this region. 


TABLE 102. Volum« chafiges In nolle on moisture absorption 

St various humldlUes. 


SoUNo. 

P.C. 

10.4% 

30.0% 1 

60% 

umirfitv 

70.8% 

00.0% 

08.7% 

6 

(a) 0.14 

0.66 

0.86 

0.86 

0.06 

1 10 


(b) 0.61 

1.71 

1.63 

2.07 

2.32 

2.32 

13 

(a) 0.70 

3.82 

4.74 

6.97 

6.03 

0.42 


(b) 1.2 

1.8 

3.6 

6.8 

7.8 

6.2 

107 

(a) 0.701 

1.28 

1.31 

1.36 

1.39 

1.43 


(b) O.OS 

2.78 

3.43 

3.02 

6.08 

6.39 

120 

(a) 0.130 

0.130 

0.218 

0.816 

1.07 

1.68 


(b) 0.68 

1.18 


1.74 

2.43 

3.37 

121 

1 

(a) 0.39 

1.37 

1.62 

2.06 

2.46 

2.48 


(b) 0.63 

1.46 

2.26 

2.64 

3.61 

3.77 

123 

(a) 0.80 

1.06 

2.78 

4.27 

5.29 

6.68 


(b) 0.00 

2.10 

3.30 

4.66 

6.0 

8.70 

132 

(a) 0.63 

1.23 

1.64 


2.40 

2.87 


1 (b) 1.13 

2.26 

2.64 

3.81 

4.24 

6.37 

144 

(a) 0.12 


0.434 

0.707 

0.802 

1.16 


(b) 1.07 

1.76 

1.86 1 

2.01 

2.27 

2.07 

ITS 

(a) 0.36 

1.32 

1.47 

1.76 

1.97 

2.42 


(b) 0.97 

1.80 

2.22 

2.01 

3.10 

3.60 

180 

(a) 0.78 

1.76 

2.1$ 

2.78 

3.08 

3.74 


(b) 0.80 

1.63 

2.30 

2.80 

3.30 

4.32 

201 

(a) 0.26 

0.86 

1.18 

2.08 

4.02 

6.40 


(b) 0.88 

1.76 

2.60 

2.78 

3.06 

3.42 

236 

(a) 0.23 


0.86 

1.10 

1.24 

mm 


(b) 0.39 

1.44 

1.66 

2.08 

2.34 

iwl 


a s Percentage moisture 
b • Percentage change in volume 


It must be emphasized that it is not eiqiected that a certain change 
of moisture will always produce the same change In volume at all 
humidities or with all soils. As a matter of fact, the change in vol- 
ume, if brought about by the surface tension residing at the film 
boundaries, will depend on the random grouping of the particles and 
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the interstitial spaces, and thus cannot show any regularity with 
respect to other soils. This must be typical of a random grouping 
of particles of all sizes. 


TABLE 10$. Volume changes in noils on moisture loss at 

various humidities. 


Soil No. 
P.C. 

10.4% 

RaUtl 

30% 

va bumldlCv 

IQ M 

an VL 

6 

(a) 0.30 

0.69 

0.92 

0.99 

W. 09 

1.13 


(b) 1.32 

2.06 

2.18 

2.24 

1 

2.36 

1$ 

(a) 2.93 

4.72 

S.49 

6.22 

7.62 


(b) 1.60 

3.0 

5.0 

6.6 

6.06 

107 

(a) 1.8 

1.31 

1.34 

1.36 

1.43 


(b) 3.09 

3.58 

4.07 

4.4 

6.21 

120 

(a) 0.69 

0.61 

0.63 

1.01 

1.8 


(b) 1.72 

2.06 

3.16 

2.60 

2.93 

121 

(a) 1.31 

1.71 

1.83 

2.36 

3.73 


<b) 1.68 

1.93 

2.70 

3.09 

3.6 

123 

<a) 3.1 

3.06 

3.66 

4.66 

6.32 


(b) 2.68 

3.76 

4.96 

6.40 

7.80 

133 

(a) 1.78 

1.60 

1.70 

2.41 

2.66 


(b) 3.26 

3.09 

4.07 

4.36 

6.19 

144 

(a) 0.17 

0.46 1 

0.57 

0.74 

0.97 


(b) 1.46 

1.62 1 

1.93 

2.13 

3.39 

173 

<a) 0.63 

1.60 

1.56 

1.60 

3.26 


(b) 2.09 

2.66 

2.93 

3.36 

3.49 

130 

(a) 2.<M 

2.11 

2.42 

3.17 

3.60 


(b) 1.27 

1.90 

3.64 

3.04 

3.61 

201 

(a) 0.76 

1.16 

1.49 

2.40 

S.6S 


(b) 2.48 

3.76 

3.90 

3.04 

3.37 

336 

(a) 0.66 

0.60 

1.00 

1.33 

1.39 


<b) 1.56 

1.82 

1.96 

2.47 

2.73 


(a) • Percentage iDolsture 

(b) s Percentage change in volume 


Volume Changes of Wood with Moisture Absorption 
A somewhat better correlation and more regular increase in vol- 
ume for unit increment of moisture would be expected from a sub- 
stance like wood. This is actually so, as will be seen from the re- 
sults given in Table 104. Several types of wood were examined. 
These were shaped into spheres and dried over sulphuric acid in 
the first instance. The technique of following volume changes was 
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thS bettlr f interesting to note 

autli^ wLr * less change in volume than poor 

oaaH^ r i as the main defect in ^or 

h in humid atmospheres. These 

as to the qSy of wS" indications 


Volume Changes in Ce m ent on Moisture Absnrn tir>n 

to let^o^^ 7 '"ade with neat cement and allowed 

^ ^ ^ ^ ‘ ti*®" oven-dried at BO^C 

and kept over concentrated H2SO4 till thoroughly dry. They were 
then brought to equilibrium at various humidlUes and percentage 


TABLE 104. Volume ehuig«» of wood at dliferent humldlUifl. 


Wood 

Sagwan 

10.4% 

<a) 0.25 

60% 

2.6 

RelaUve h 
50% 

6.2 

umliMt* 

70% 

5.4 

vu.v% 

8.6 

• 

64.7%- 

IS i 


<b) O.M 

2.6 

8.75 

6.05 

8.99 

a W4 4r 

16.5 

Choel 

(a) 0.26 

2.6 

6.90 

5.10 

7.60 

12.30 


(b) 0.56 

6.24 

4.55 

6.69 

8.37 

18.70 

Shlsham 

(a) 0.06 

2.40 

6.40 

4.72 

7.20 

14.0 


{b) 0.21 

2.80 

6.91 

5.01 

7.56 

14.82 

Deodar 

(a) 0.4$ 

2.00 

4.20 

5.90 

9.10 

16.8 


(b) 1.05 

2.69 

5.56 

6.44 

10.02 

14.6 

PadUl 

(a) 1.60 

3.60 

4.03 

5.80 

6.42 

14.6 


(b> 2.30 

4.06 

4.44 

8.67 

9.24 

15.0 

Kan 

(a) 1.15 

2.88 

6.70 

4.50 

6.20 

11.9 


(b) 1.72 

3.56 

4.52 

5.30 

9.16 

12.5 


(ft) •> Percentage moUture 

(b) « Percentage change in volume 


moisture absorption and volume change determined. The results 
are given in Table 105. Changes in volume with humidity are much 
more consistent for cement than for soils, showii^ that the group* 
ing of particles in the former is much more regular. 

Leaving aside individual differences, it is clear from the results 
presented in the foregoing that the regularity of volume changes in 
such diverse bodies as soils, wood and cement can only be recon- 
ciled with the capillary condensation theory of moisture absorption. 
No other hypothesis based on chemical action or on surface and 
residual valencies could fit the facts so well as the simple concept 
of condensation of moisture in micro capillaries. 


Effect of Moisture Absorption on Soil Cohesion 
Cohesion Is the resistance offered by the soil to any force tending 
to break it. Measurement of cohesion and the influence of various 
factors such as size distribution of particles has been discussed 
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elsewhere. It is well to remember that cohesion In soils rests 
niainly on points of contact between par tides; these can be decreased 

the addition of coarser materials. Absorbed moisture could el** 
ther lie as a mono molecular film on the exposed surface, in which 
case no change in cohesion will be expected, or it could enter the 
micropores, pushing the particles apart and decreasing the points 
of contact, in which case there will be a substantial decrease in 
cohesion. 

The effect of moisture on soil cohesion has been studied chiefly 
In the wetter regions, where it is entirely accounted for by the sur- 
face tension of the liquid films which draw the particles closer to- 
gether. The regions of hygroscopic moisture have remained prac- 
tically unexplored, partly on account of the difficulty of accurate 
measurements, and partly because in this region the soil is sup- 
posed to have reached a state of maximum packing which is not 
disturbed by the loss or gain of moisture. 


TABLE 105. Volume changes In cement on moisture absorption. 


Humidity 

{%) 

Moisture absorbed 

{%) 

Change in volume 
<%) 

10.4 

0.11 

0.18 

90.0 

0.98 

0.60 

50.0 

1 . 2 s 

2.13 

70.8 

2.46 

9.26 

00.7 

9.62 

4.40 

08.7 

6.28 

6.87 


If moisture absorption at lower humidities was purely a phenom- 
enon taking place on the exposed surface in mono- or multimolecular 
layers, we should expect no change in cohesion due to moisture ab- 
sorption in this region. If, on the other hand, the interstitial spaces 
were being filled and the particles pushed apart, resulting in an in- 
crease in volume as is actually the case, then there should be a 
substantial decrease in cohesion on moisture absorption. 

The experimental evidence in support of this hypothesis was ob- 
tained by studying the cohesion of single-base soils. These were 
prepared by first removing all the exchangeable bases by 0.05N 
HCl treatment and then adding hydroxides of various metals. The 
soils were dried over H2SO4 and then allowed to take up moisture 
at various humidities obtained by confining H2SO4 -water mixtures 
in vacuum desiccators. The equilibrium condition regarding mois- 
ture absorption was obtained in 6 to 7 days (Fig. 5 5 A). 

The enormous decrease in cohesion within a range represented 
by as low as 1% moisture content can be accounted for satisfactorily 
only on the basis of capillary condensation. The general similarity 
of various curves and their close resemblance indicates that 
the same cause must be operative in all cases, namely, a decrease 
in the points of contact brought about by the absorption of moisture 
even at a humidity as low as 10%. 
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It will be noticed that the first lot of moisture produces the great* 
est effect. This is easily comprehensible, as the strongest bond 
must exist between particles of the smallest size, and it is the 
micropores between these particles that will absorb moisture first 
from the lowest humidity; therefore, the decrease in cohesion is 
comparatively greater. This is shown in a more striking manner 
in Fig. 56, in which the cohesion values are plotted against the hu- 
midities with which the soils are in equilibrium. 



If the percentage decrease in cohesion is plotted against the per- 
centage Increase in moisture, practically all the points fall on one 
smooth curve (Fig. 57). From this the relation between moisture 
and percentage reduction in cohesion can be worked out. 

Effect of Alternate Drying and Wetting on Soil Cohesion 

We have seen that the increase in volume of the soil on moisture 
absorption is caused by a shifting of the particles, which causes a 
weakening of the cohesive bonds, Onredr^ng the soil, the particles 
can be expected to return only partially to their original position, 
especially on account of the hysteresis effect. These changes in 
volume caused by alternate drying and wetting, if repeated several 
times, would ultimately result in a permanent weakening of the 
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cohesive bonds between soil particles. This conclusion is perfectly 
accept the capillary condensation theory of soil mois- 

*1 (P*C. 218 and P.C. 354) were examined in this connec- 

tion. The wetting and drying were carried out by keeping them al- 

following pairs of humidities in desiccators over 
n 2 S 04 - water mixtures: 

I. 0-10, 0-30, 0-50, 0-70, 0-00, 0-09% 

II. 10-30, 10-50, 10-70, 10-00, 10-09% 

m. 30-50, 30-70, 30-90, 30-09% 

IV. 50-70, 50-00, 50-09% 

V. 70-00, 70-09% 

VI. 00-90% 



Moisture Contents 

In the first instance the relation between moisture content and 
cohesion for each of the two soils was plotted ona fairly open scale. 
After each series of alternate wetting and drying, the moisture 
content of the pellets was determined and the cohesion value inter- 
polated from these basic curves, which represented the relation as 
it existed without subjecting the soil to wetting- dryli^ treatment. 
Any decrease in cohesion above this value was taken as the true 
effect of alternate drying and wetting. This procedure is neces- 
sary, as the additional moisture left in the soil on drying is likely 
to have its own effect in decreasing cohesion as a result of hyster- 
esis; unless this is allowed for, the decrease might appear too 
great, whereas the actual value may not be very high. 
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The results are plotted Id Fig. 58, which shows that In every case 
there is an appreciable decrease in cohesion, which becomes more 
and more pronounced as the number of alternate wettings and dry* 
Ings increases. It is remarkable that even when the drying and 
wetting alternates between 0 and 10% humidity, there is appreciable 
chaise in cohesion, which is in fact of the same order of magnitude 
as at other humidities. As might be expected, the change in cohesion 
is slight when the humidity changes take place above 70%; for in this 
case only comparatively coarse particles are involved. 



Fig. 66. Decrease in Cohesion of Soils after Different Cycles of 

Alternate Drying and Wetting 


Effect of Alternate Drying and Wetting on the Cohesion 
nf Soil Heated to Different Temperatures 

When soil is heated to the fusion temperature the smallest par- 
ticles melt and bind the larger ones together, creating a stable 
conglomerate that shows no signs of disintegration on contact with 
water. The cohesive forces induced in fused particles are appar- 
ently enough to overcome any disruptive forces brought about by 
the surface tension of absorbed water films. 

However, since moisture is absorbed, alternate drying and wetting 
may still result in a slight change in the cohesion. Soil P.C. 354 
was heated to different temperatures and subjected to alternate dry- 
ing and wetting between a state of complete dryness and different 
humidities (Table 106). It will be seen that when the soil pellet has 
been heated to 900^ (the fusion temperature) there is practically 
no change in cohesion on alternate drying and wettir^. It is evident 
that when the particles have been fused, they can withstand the in- 
ternal strains due to surface tension without disintegrating. 
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It is to be noted that moisture absorption is considerably decreased 
when soil is heated to the fusion point, and even to 650®C. In both 
cases the decrease in cohesion due to alternate wetting and dryine 
is inappreciable. In this respect ignited soil differs from cement 

former absorbs hardly any moisture, 
the ^tter can take up large quantities of moisture with a corre- 
sponding increase in volume. 


TABLE 106. Meet alternate dridng and wetting on the cohesion 
01 soil heated to ▼arlous temperatures. 



It is interesting to note that burnt bricks have been known to last 
for centuries, whereas the life of cement is limited. These results 
bring out the importance of changes in atmospheric humidity on the 
weathering of rocks. Hitherto sufficient importance has not been 
attached to this factor. No doubt changes of temperature can also 
produce volume changes, and thus cause disintegration, but such 
changes will be confined to the superficial layer. It is also doubtful 
that a general increase in volume can have such a far-reaching 
effect as the internal stresses and strains induced in the micro cap- 
illaries, causing dislocation of the particles and breakdown of the 
cohesive forces. 


CHAPTER XVI 


MOISTURE ABSORPTION BY 
METALLIC OXIDES 

It is veil known that metallic oxides obtained from different 
sources and in different manners exist in different states of sub« 
divisions. It is possible to measure the size distribution of their 
particles; this, together with their hygroscopic properties, should 
furnish additional evidence in favor of the capillary condensation 
theory of moisture absorption. The following oxides prepared in 
different ways were esamined: 

1. Copper Oxide 

(a) By heating copper oxalate. 

(b) By heating copper carbonate. 

(c) By heating copper nitrate. 

(d) Precipitating from copper citrate as 
hydroxide and subsequent heating. 

n. Ferric Oxide 

(a) By heating ferric nitrate. 

(b) By heating ferrous ammonium sulphate. 

(c) By heating ferric carbonate 

(d) By precipitating from ferric chloride 
and subsequent heating. 

(e) By precipitating from ferric nitrate 
and subsequent heating. 

ID. Aluminum Oxide 

(a) By heating aluminum oxalate. 

(b) By heating aluminum nitrate. 

(c) By precipitating from aluminum nitrate. 

Moisture absorption was studied in the usual way by placing sam- 
ples over H2SO4 - water mixtures in desiccators. The mechanical 
analysis was determined by the pipette technique, assuming the 
application of Stokes' Law. For this purpose the density of the 
oxide was determined in every case. No preliminary treatment for 
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*" ®"® experiments, whereas sodium 

In the other. The results of 
107 dispersing agent are given in 

#*f", “f* oidOea of the same metal prepared in different 
ways show fairlv large variations in their slae-distrlbution curves, 

TABLE 107. MechaolcU tealy#lB of oadft* d Ctt, F*. ftod Al 
prepftfvd bf dlfler«M oMlbods. ' 


douret 

0.09 

6.M 

Com 

, 0.03 

roTMM 

0,01 

0.006 

Cu 

A 16.9 

16.2 

7.6 

9 0 

1 7 

h^aUnf 

8 33.5 

19.6 

11.6 

4.6 

4.36 

Cu earboaaU 

A 60.0 

92.7 

14.0 

11.9 

11 0 

hMtlac 

B 04.5 

1 

93.0 

34.0 

14.0 

A 0 0 V 

6.S 

Cu altjmta 

A 98.9 

26.7 

11.0 

4.3 

9 9 

huaUnf 

B 99.0 

90.6 

17.0 

1.8 

So A 

4.0 

Cu nltnt* 

A 99.1 

91.2 

6.T 

9.1 


pruelpltttJQQ 

B 




- 


Fo e&rbeulo 

A 

68.0 

99.0 

aAdta 

79.0 

Koatljif 

B 

66.0 

96.0 

60.0 

Fp PBiBoiiluia 

A 

99.0 

96.6 

' 19.0 

MlphPto 

HOfttkOf 

B 

96.0 

70.0 

1 20.0 

1 

Fo ikltnio 

A 

40.0 

40.0 

19.0 

hPPtkng 

B 

43.6 

43.0 

19.6 

Fo nimu 

A 

91.9 

20.3 

17.0 

proolpiuuoo 

B 

39.0 

26.6 

16.0 


A1 oalAM 
hMUng 

Al QJtrat* 
hMtlnf 

A| lUtraU 
pr^cIpJUUofl 

Al nlphat« 
preeipsaucNi 


A 19.0 
B 90.0 

A 96.0 
B 39.5 


AlnmlM 

11.0 

!•» 

7.8 « 

13.0 

6.0 

20.4 

7.2 

34.0 

10.7 

29.4 

6.0 

26.2 

11.6 

20.9 

5.6 

♦ 
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In the case of copper oxide, for instance, it Is seen that of the var- 
ious samples the one obtained from copper carbonate on heating 
exists in the finest state of subdivision. The material obtained from 
copper oxalate, on the other hand, is found to be the coarsest of the 
oxides of copper. 

From these observations it Is difficult to saywhat actually deter- 
mines the mechanical composition of an oxide. Whether it is the 
mode of preparation, the nature of the material from vhich it is 
obtained, the type of reaction involved, or the replacement of a par- 
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ticular group by another, which is primarily responsible for dividing 
and subdividing oxide particles and orienting them in a particular 
oattern of aggregate formation, is more than can be concludedfrom 
me data In hand. There is some indication that oxides obtained by 
calcining the carbonates are probably the finest. It Is not unlikely 
that the temperature at which an oxide is roasted may have a lot to 
with its texture. It is to be noted that GO2 is driven off at a 



comparatively Low temperature, whereas In the formation of other 
oxides, the higher temperatures necessary may lead to a certain 
amount of fusion of the finest particles into aggregates. 

Following the general principles of soil dispersion it might appear 
that these oxides will show greater dispersion when peptized with 
an alkali. It is not surprising, however, that alkali causes peptiza- 
tion to a limited extent only, and that order of the fineness of the 
various samples does not undergo any noticeable change. We must 
remember that soils are acidolds, whereas these oxides are basoids. 
The results of moisture absorption by the different oxides at various 
humidities are plotted in Figs. 59, 60 and 61. 

The variations in the hygroscopicity of a particular oxide when 
obtained by different methods are appreciable. Inthe case of copper 
oxide, for instance, it is seen that of the various samples the one 
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obtained from CUCO3 on heating is hygroscopic to the largest ex- 
tent. This is consistent with its finest mechanical composition 
(Table 107h The oxalate and the nitrate yield oxides which are 
poor in hygroscopic properties, while the one obtained from the 
nitrate by the precipitation process is fairly hygroscopic, and at 
lower humidities compares favorably even with that obtained from 
carbonate. From these results it is quite apparent that, unlike 
soils, there is no correlation between the size distribution of parti- 
cles and vapor-pressure curves. This is not surprising in view of 
the fact that It may not be possible to overcome the cohesive forces 
between the compound particles in every porous body. 

As a matter of fact, it is only In the case of soils that complete 
disintegration of the aggregates into primary units Is possible. 
There are many subsUnces which admittedly have a cellular struc- 
ture and in all probability are composed of particles of various 
sizes with Interstitial spaces between them; however, there is no 
means of breaking up the aggregates into primary units. A notable 
example is absorbent carbon, which cannot be dispersed in any liq- 
uid and yet gives a well defined vapor -pres sure curve and thus 
must have a specific size distribution of capillaries and probably 
of particles too. 

There is one very important point about soils which is unique in 
the domain of capillary systems. All natural soils give smooth 
summation curves and consequently smooth vapor-pressure curves. 
This is characteristic of the natural weathering forces which brought 
about the gradual disintegration of the parent rock and converted it 
into soil in the course of time. The process can be visualized as 
the gradual breakdown of the larger particles Into smaller and 
smaller units. This has proceeded smoothly and regularly, though 
slowly, throughout the centuries. Most of the capillary systems in 
the organic world are built-up structures which are so much Influ- 
enced by rapidly changing environments that any regularity in their 
physical make-up would hardly be expected. 

Such is also the case with the oxides under discussion; they do 
not give smooth size-distribution curves nor can they be expected 
to give smooth vapor-pressure curves. A slight alteration in the 
temperature or rate of reaction may have a profound influence on 
the size distribution and geometry of the space lattice of primary 
particles as well as a^regates. 

It is one of the strongest arguments in favor of the capillary con- 
densation theory that a smooth vapor-pressure curve is associated 
only with a smooth size-distribution curve. The vapor -pressure 
curves of soils have only one point of inflection, whereas other cap- 
illary systems, like natural organic bodies or oxides, may show 
more than one. The existence of more than one inflection point, or 
even lack of smoothness, is inconsistent with any chemical view of 
a^orption of water vapors; for such a view must take note only of 
the extent of the surface, and once the surface is there to adsorb 
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moisture in monomole cular or multi molecular layers, there Is no 
reason why one should not expect a perfectly smooth adsorption- 
isotherm or vapor -pres sure curve. The moment webring In the 
nature of the surface we move away from the chemical view. 

The preparation of copper oxide from copper carbonate Involves 
the elimination of a molecule of CO2, whereas Its preparation from 
oxalate and nitrate Involves the elimination of CO2 plusCOandNOs 
plus NO2, thus leaving the product more porous, with capillary 
spaces of larger dimensions. Such oxides, therefore, may not ab- 
sorb any moisture from low humidities, which is actually the case. 

The precipitated copper oxide is obtained In a gelatinous form 
by the replacement of an NO3 group taking place In solution; no 
elimination of a molecular species <itu is Involved, unless it is 
the liberation of water molecules during subsequent dehydration of 
the precipitate. But the elimination of a water molecule will leave 
pore spaces of smaller dimensions than in the case of CO2. The 
material obtained by this process, therefore, is more hygroscopic 
than any other sample at lower humidities. At humidities higher 
than 90% the oxide obtained from CUCO3 is more hygroscopic than 
this sample. This is to be expected from the larger capillary sizes 
which the former is likely to have on account of the elimination of 
CO2 in its preparation. 

It appears also that when two or more gases are simultaneously 
eliminated, l.e., when the size of the radical to be eliminated Is 
large, the resulting product may contain capillary spaces which 
are too large to absorb any moisture even from fully saturated at- 
mospheres (compare moisture absorption results of copper oxide 
obtained from oxalate and nitrate). 

The results obtained in the case of ferric oxides can be explained 
on the same basis. It is interesting to find that the material ob- 
tained from ferric carbonate on heating has the highest hygrosqop- 
Icity. The comparison of moisture absorption properties of the 
oxide obtained from ferric carbonate and nitrate as well as ferrous 
ammonium sulphate emphasizes the effect of the size of the elimi- 
nated radical on the hygroscopicity of the residual material. Ferrous 
ammonium sulphate, as expected from these considerations, gives 
the least hygroscopic, and ferric carbonate the most hygroscopic 
oxide. The two samples of ferric oxide obtained by precipitation 
reactions (from ferric chloride and nitrate) are seen to be more 
hygroscopic than the one obtained by heating the carbonate, at lower 
humidities; the difference decreases with increasing humi^tle 5 and 
almost disappears at higher humidities. This is quite in accord 
with similar observations made on copper oxide. In the precipitation 
process too, the nature of the replaced group has some ii^luence 
on the hygroscopic properties of the resultii^ material, as the 
samples obtained from ferric nitrate and ferric chloride show ap- 
preciable differences in their moisture absorption values at lower 
humidities. 
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Similar conclusions can be drawn from the results on alumina 
samples. The materials obtained by heating the nitrate and oxalate 
have lower moisture absorption values than those obtained from 
nitrate and sulphate by precipitation reactions. The oxide precipi- 
tated from sulphate is more hygroscopic than that from nitrate. 
The samples obtained from oxalate and nitrate, on heating, differ 
much from one another in their size -distribution curves but resemble 
each other closely in their hygroscopicltles. 

The absence of parallelism between hygroscopicity and mechanical 
composition of various oxides when prepared in different ways Indi- 
cates that in these materialsthesizedlstributionof capillary spaces 
is not related to the size distribution of particles, either because 
the particles are not in the form of close or open packing, but are 
distributed at random, or our method of dispersion fails to reveal 
a true picture of the size distribution. This is not surprising, since 
the total capillary space and size distribution of an oxide are factors 
which are very probably governed by the mode of Its preparation, 
the type of reaction Involved, and the nature and size of radical 
eliminated. 

Of the various metallic oxides alumina occupies a unique position. 
When precipitated as hydroxide it comes down in the form of a 
gelatinous mass, which is known to be a good absorbent. Hitherto 
the procedure followed in the preparation of the oxides has been a 
more or less general one. Either the compound was roasted until 
the oxide was left behind, or the hydroxide was heated until it was 
converted into the oxide. As minted out before, Inallthese absorb- 
ents the technique of preparation has a profound influence on the 
absorptive properties of the resulting compound. The very low 
hygroscopicity of the oxides at low humidities appeared to be due 
to the coalescence of the finest particles by heat, and consequently 
the removal of the finest capillaries, which are responsible for 
moisture absorption at low humidities. 

The following oxides of aluminum were prepared according to 
standard methods, particularly bearing in mind the precaution that 
wet alumina should not be dried rapidly at a higher temperature. 
The cellular structure of this material is best maintained when the 
drying is slow and at a comparatively low temperature (50 to 60®C). 


From Aluminum Amalgam 

Alumina from aluminum amalgam was prepared in the manner 
described by Adkins. Briefly, the method consists in treating the 
amalgam with water. The amalgam was prepared by covering fine 
strips of pure aluminum cut from thin sheets with 0.5% solution of 
mercuric chloride for 1 1/2 minutes and subsequent washing. After 
the completion of reaction between the amalgam and water, the 
precipitated alumina was collected on a filter paper, and washed 
and dried at 60 to 70®C, as recommended by Chow^ry and Bagchi. 
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From Aluminum Nitrate 

The aluminum nitrate was calcined on an ordinary burner, with 
frequent stirring. The heat was so regulated that the temperature 
was not allowed to go any higher than that necessary for the evolu- 
tion ^ nitrous fumes. The resulting pure white solid passed a 200- 
mesh sieve with a little grinding and gave no test for nitrate. 


By Precipitation from AlCl^ Ai»/sr> poush 
Alum and Soda Alum — ' 

Aluminum hydroxide was obtained in every case as a flocculant, 
gelatinous precipitate by the slow addition of ammonia with vigorous 

salt soluUon, keeping the temperature 
below 24^. Chowdhry and others have reported that higher tem- 
perature yields comparatively poor adsorbents. The precipitate In 
every case was washed free from impurities and dried at60to70®C 
In an air oven. 

The various samples of alumina were then activated at 200®C in 
a stream of carbon dioxide for two hours. The results of moisture 
absorption by various samples at different humidities are given in 
Table 108. The samples of alumina prepared by precipitating from 


TABLE 108. Moisture Absorption by alumina prepared In different 

ways at various humlcttUes. 


Alumina 

praparad 

% a 

bsorhad 

dllferaDl 

humlditlas 

10% ' 

90% 

70% 

90% 

95% 

99% 

A1 amalgam 

0.6 

3.2 

4.5 

4.5 

6.9 

7.08 

Al2<S04)3 

7.1 

14.05 

16.1 

23.9 

53.5 

62.0 

AUNOj), 

3.17 

7.7 

12.0 

19.4 

28.8 

40.4 

AICI3 

11.1 

12.5 

15.6 

21.6 

48.0 

57.3 

Soda alum 

6.9 

7.5 

11.1 

12.3 

19.1 

19.1 

Potash alum 

8.2 ' 

6.2 

10.7 

12.0 

15.8 

18.9 

Soli P.C. 13 

4.81 

9.33 

1 11.78 


16.8 

19.57 


AI2CI3 and AI2 (804)3 absorb moisture to nearly the same extent. 
The alumina prepared by calcining A1(N03)3 absorbs much less 
moisture from atmospheres of lower humidities; at higher humidi- 
ties the moisture absorption increases, though it still does not 
equal the amount absorbed by the other two samples. This shows 
that most of the capillaries in this sample are of comparatively 
large size. This is probably due to the elimination of KO2 gas dur- 
ing the calcination of A1(N03)3; continuous elimination of NO2 and 
O2 would leave larger spaces between the molecules of alumina. 

The samples prepared by precipitation from soda and potash 
alums absorb almost as much moisture as the one prepared from 
AI2 (804)3 humidity; but with higher humidity the difference 

in their moisture-absori^lon capacity continues to increase, the 
amount absorbed by the latter sample becoming ultimately far in 
excess of the others. This is because the elimination of K2SO4 plus 
Na2804 from potash and soda alums leaves muchlarger pore spaces 
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which cannot effectively absorb moisture from the vapor phase. It 
is also worth noting that these two samples prepared from alum 
resemble each other in absorbing the same amount of moisture at 
all humidities. The sample prepared from aluminum amalgam ab- 
sorbs very little moisture, even from fully saturated atmosphere. 

These results very clearly show that in preparing activated alu- 
mina, the method of preparaUon and composition of the starting 
material is of great imporUnce. In the above case we have each 
time chemically identical material, namely AI 2 O 3 , yet it possesses 
remarkably different moisture-absorption capacity when prepared 
from different sources. This also shows IncidenUlly that the total 
pore space In an activated material is not the only consideration. 
In fact, the size of the capillaries is a much more important factor. 
The alumina prepared, for instance, from potash alum or by heating 
A 1 (N 03)3 will have larger capillary spaces because of the elimina- 
Uon of the larger molecules, but at the same time the capillaries 
will be too big for effective moisture absorption from the vapor 
pha56. 

The moisture absorption results for a soil sample (P.C.13) at 
different humidities are also included In Table 108. The similarity 
between soil and alumina Is very striking. Unlike the oxides pre- 
pared at random, the vapor-pressure curves in this case are smooth 
and regular, and show only one point of inflection. The most im- 
portant part of the procedure in preparing these oxides was vigorous 
stirrii^ during precipitation and slow dryir^ of the resulting ma- 
terial. Unless this precaution is taken, grouping of the aggregates 
takes place at random without any order. The lack of uniformity 
In one case and the perfect regularity of the vapor-pressure curve 
in the other are further evidence of the appUcability of the theory 
of capillary condensation. 

other theories are primarily concerned with the extent of the 
surface and perhaps to a limited degree with its chemical nature, 
which is the same In all cases for a single substance. On the basis 
of the capillary condensation theory, moisture absorption is merely 
a reflection of the size distribution of microcapillaries. The vapor- 
pressure curve, therefore, may take any shape. It may show one 
point of inflection, but it would not be surprising if it had two or 
even more; on the basis of any other theory, however, this would 
be a considerable strain on the imagination, for the only course left 
would be to postulate a size distribution of ‘active points” on the 
surface of the adsorbent. 
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MOISTURE ABSORPTION BY SILICA 
AND SILICATES 

In comparatively recent years considerable literature has sprung 
up on the methods of preparation and utilisation of activated silica 
as an absorbent for water and other vapors. Among the earliest 
methods of preparing activated silica Is that of Patrick. The method 
in brief consists In mlsdng hot sodium silicate solution of 1.185 
specific gravity with an equal volume of 10% solution of HCl. After 
the gel is set it Is broken into pieces and the salt and excess acid 
washed out with water. It is then air -dried and finally activated at 
300®C. 

Holmes and Anderson showed that the porosity of the gel depends 
upon the extent of drying before washing and on the rate of drying. 
These workers also prepared a porous silica gel by adding ferric 
chloride (instead of HCl) to sodium silicate solution* drying the gel 
so obtained to a moisture content of 55 to 60%* and then removing 
the iron oxide from the firm solid by treating with acid. In the same 
way Holmes prepared other silica gels by coprecipitation with other 
oxides* such as alumina, calcium oxide, chromic oxide, copper oxide 
and nickel oxide. On washing away these oxides, although the same 
chemical compound (Si 02 ) was obtained in each case, the sample 
had varied adsorption capacity for different gases and vapors. 

Holmes showed that variations In the rate ofdrying have a decided 
influence on the quality of the product, the slower rate giving the 
better product. Holmes and Elder found that increase in tempera- 
ture of the acid treatment of the gel (in order to wash away the 
metallic oxides) from 30 to 100®C Increased the porosity of the gel. 

Silica and silicates occupy a unique position among natural and 
artificial absorbents In the inorganic world. There are almost In- 
finite variations In their absorbing properties due to the method of 
preparation, even a slight change In the technique producing a pro- 
found change in the absorption. The only explanation of this fact is 
that the vapor absorption is due to capillary condensation, ^ the 
sise distribution of capillaries would admit of infinite variations. 
Moisture absorption by silica and silicates prepared in a variety of 
ways thus offers a fruitful line of investigation In elucidating the 
mechanism of moisture absorption by capillary systems in general. 


525 


moistxjre absorption by silica 

lyt^ ^ghire Absorption by Activated Silica Samples 
Prepared bv Different Methods 

G^eral methods for the preparation of silica have been suggested 
from time to time and superiority Is claimed for each by individual 
workers. Some of the chief methods available are due to Patrick, 
Holmes, and Bartel and Pue. Silica gels have also been obtained 
for a long time from ammonium salts. The method consists in add- 
ing ammonium salt solution NH^Cl, (NH4)2S04, etc., to equivalent 
solutions of Na2S103. Since weak acids, like silicic acid, are loosely 
combined with ammonia, as soon as an ammonium salt Is added to 
sodium silicate solution gelatinous ammonium silicate is preclpU 
tated, from which the ammonia Is easily washed outwlth dilute acid. 
The actual methods used in the preparation of these materials are 
outlined below. 

Patrick's method. Patrick's silica is obtained by mixing with 
continuous stirring hot solution (SO^C) of HCl containing 10% by 
weight of the gas with an equal volume of sodium silicate of density 
1.185. The mixture sets to a gel in about an hour. It is then broken 
into small lumps, washed free from salts, etc., and then allowed to 
dry slowly at room temperature. The dried lumps are ground to 
pass 200 mesh, and then activated. 

Holmes' method. Five samples of silica were obtained by this 
method. They were prepared from mixtures of different metallic 
oxides, silica gel being precipitated in the first instance by the 
addition of different salt solutions to solutions of sodium silicate. 
Ferric oxide-silica gel mixture, for instance, is formed by slow 
addition with violent stirring of 2 liters of 2N FeClg solution to 
625 cc of sodium silicate solution (sp. gr. 1.375) which has previ- 
ously been diluted with 12.5 liters of water. The mixture is allowed 
to stand for 60 hours and then filtered through fine muslin; the 
gelatinous mass is allowed to stand in a layer about 5 cm deep for 
a few days till it can be handled and is then broken into uniform 
lumps about 2 cm in diameter. When the water content of the lumps 
falls to about 50 to 60%, which requires nearly a fortnight, the whole 
mass is kept in a bottle to prevent evaporation and allowed to “sweat" 
for a week. The mass, consisting of the hydrous oxide of both iron 
and silica, is then subjected to steam for one hour and heated to 
60^0 with 9N H2SO4, a process which dissolves the iron oxide. Re- 
peated washings are then given to remove the iron and excess acid 
after which the gel is dried at approximately 160^C for 6 hours. It 
is then reduced to 200 mesh and activated. 

In a similar way gels containing oxides of chromium, copper, 
cobalt and nickel mixed with silica are prepared by adding 5 cc of 
0.22N solutions of the metallic chlorides to 50 cc of water glass 
solution (sp. gr. 1.375) diluted to one liter. The gels are then dried, 
steamed, treated with acid, washed, dried, and activated as described 
above. 
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Bartel and Fue* s methods. A high grade of water glass is diluted 
to a specific gravity of 1,025 and neutralized with 1:1 HCl. Before 
the mixture has set to a gel, saturated nickel nitrate solution Is 
added in the proportion of 200 cc of nickel nitrate to 1000 cc of 
silicic acid solution. The mixture very soon sets to a solid green 
gel and is allowed to syrenUe at 90«C until the gel appears to be 
thoroughly dried. It is then washed with dilute HCl, until the fil- 
trate no longer gives tests for Nl with dimethyl glyoxime. It is 
then heated at 250®C in a beaker for two hours and poured immedi- 
ately into cold distilled water. This last treatment, which is re- 
peated several times, causes Urger granules to split apart and 
helps to remove the remaining traces of HCl. The gel is finally 
dried at 200^, powdered to 200 mesh and activated. 

Silica preciPlUted bv the addition of ammonium gaitft One pound 
of sodium silicate solution of specific gravity 1.2 Is diluted with an 
equal volume of water, and to this 0.8735 equivalent of the ammo- 
nium salt dissolved in 3 liters of water is added. The resulting gel 
is broken Into small lumps of 2** size after it has set for 24 hours, 
and washed with hot water to remove ammonium salts. Seven sam- 
ples of silica were obtained by this method using NH4CI, (NH4) SO4, 
NH4NO3, (NH4)2C03, (HH4 ) 2 CO4, ammonium tartrate and ammoni- 
um chromate. 

Silica from fused sodium silicate . 20 grams of fused sodium sil- 
icate was boiled with 450 cc of 8N H2SO4 for two hours; after wash- 
ing, the precipitated silica was dried at 150^ and then activated. 

Activation of Silica Samples 

The usual method of activating silica consists In passing air con- 
tinuously over the sample heated to 200^ for about two hours; It 
can also be activated by passing CO2 instead of air. A comparison 
of the moisture absorption capacity of the samples activated by the 
two methods showed that C02- activated samples absorb more mois- 
ture than air-activated ones at all humidities. It appears that pas- 
sage of CO2 over heated silica is more effective than air in remov- 
ing the last traces of water during the process of activation. This 
is probably because the CO2 passed was drier than the air. It is 
not possible to say exactly what the mechanism of activation is, but 
it appears very probable that It must be associated with the removal 
of the residual moisture, thus rendering the sample "drier” and so 
capable of absorbing more. 

On perusal of the literature it is found that usually two hours of 
activation is recommended. During this time it is presumed that 
the maximum drying of the capillaries has taken place. The effect 
of the temperature at which activation is done has been studied in 
detail by Holmes and Eldu, who found that heating to a temperature 
anywhere between 100 and 800^ does not affect the quality of the 
sample. Heating beyond 800^, however, was found to decrease 
activity appreciably. Usually, activation is performed at 200^; 
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the author’s experience, however, is that heating silica even to 
450 ^C reduces its moisture absorption capacity considerably. 

The effect of time of activation has not been studied in detail so 
far. It was therefore thought of interest to activate the samples 
for different lengths of time. Results of these ejq^eriments showed 
that the moisture absorption capacity of the sample at all humidities 
increases with the time of activation up to three hours. If activa*- 
tion is continued for a longer time, it seems that while little or no 
change is produced as far as moisture absorption from atmosphere 


TABLE 109. Moisture absorption by various activated silica samples 

prepared In different ways. 


Description of 

sample 

% Moisture absori 

>tion at humidity 

10 % 

50% 

70% 

90% 

96% 

99% 

1 , Patrick's gel 

30.2 

30.2 

34.6 

45.0 

64.5 

66.5 

2 , Holmes’ gel with 







<a) PeCl 3 

6.6 

36.2 

39.6 

44.0 

65.8 

72.2 

(b) Cr Chloride 

6.9 

28.4 

26.4 

62.6 

62.6 

67.4 

(c) Co Chloride 

5.9 

35.6 

36.0 

63.6 

64.4 

70.4 

(d) Ni Chloride 

5.6 

36.5 

36.0 

50.6 

71.6 

66.9 

9 . Bartel & Fue 

20.6 

26.0 

27.2 

46.6 

74.0 

90.0 

4. From fused Na 







Silicate 

1 

12.0 

13.9 

15.5 

21.7 

36.1 

36.1 

5. Sodium silicate ' 







with 







Am. chloride 

3.6 

4.9 

11.4 

52.6 

52.6 

54.4 

Am. sulphate 

5.5 

6.9 

17.6 

69.6 

69.6 

71.0 

Am. nitrate 

5.4 

8.5 

16.1 

52.1 

53.1 

52.1 

Am. carbonate 

3.7 

10.9 

14.5 

46.0 

48.0 

51.3 

Am. onlate 1 

3.5 

5.6 

16.6 

52.0 

53.0 

58.0 

Am. tartarate 

5.2 

8.2 

15.5 

54.4 

54.6 

57.3 

Am. chromate 

1.0 

9.6 

18.5 

40.2 

40.2 

43.0 


of higher humidities is concerned, there Is a fall in the values ob^ 
tained from atmospheres of lower humidities (up to 50%). 

It appears, therefore, that the period of activation should not ex- 
ceed three hours. During this time most of the water present in 
the unactivated sample is removed. The rest of the water seems 
to be held much more firmly, apparently in such fine capillaries 
that when efforts are made to remove this water either by increas- 
the time of activation or by raising the temperature, the gel 
structure partially collapses, decreasing the moisture absorption 
capacity. In what follows, therefore, two hours’ heating at 200^C in 
a stream of CO 2 was adopted as the standard activation procedure. 

Results of moisture absorption by various activated silica sam* 
pies prepared in different ways are given in Table 109. 
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These results give a clear concept of the comparative size of the 
capillary spaces of the various samples. At low humidities Patrick’s 
silica gives maximum moisture absorption. The various types of 
Holmes’ siUca (as these are prepared from different metallic oxide- 
silica gels after dlssoluUon of the metallic oxides) have wider cap- 
illaries and therefore absorb more moisture from atmospheres of 
higher humidities. At about 70% humidity the curves for these sam* 
pies cross toe curve for Patrick’s silica gel, and at all humidities 
lower than 70%, the latter absorbs more moisture than do Holmes’ 
samples. At higher humidities Holmes’ silica Is abetter absorbent. 

In this connection it may be mentioned that Holmes and his co- 
workers claim better adsorption capacity for their samples. This 
is because they determined absorption of benzene and other organic 
vapors from fully saturated atmospheres and concluded that their 
material was superior to Patrick’s. The dissolution of metallic 
oxides from the coprecipitated silica gel prepared by Holmes' method 
no doubt leaves toe resulting slUca more porous, but It also results 
in wider capillaries, thus making the samples poor adsorbents of 
moisture and other vapors from atmospheres of lower vapor pres- 
sures. 

Patrick’s silica in fact is superior to that of Holmes if absorption 
is to take place from atmospheres of lower vapor pressures; the 
claim of Holmes, etc., that their sample is a better adsorbent is 
true only when adsorption is to take place from saturated or nearly 
saturated atmospheres. It is also clear that Patrick’s silica as an 
efficient drying agent is superior to that of Holmes, but the latter 
Is more effective If only partial drying is required. 

Bartel and Fue’s silica also compares favorably with Holmes’ 
silica obtained from nickel oxide silica gel, which It resembles in 
the method of preparation, as it absorbs comparatively more mois- 
ture at all humidities higher than 90%. 

The silica samples prepared by treating fused sodium silicate 
with H 2 SO 4 is a poor adsorbent at all humidities except at 10 %, at 
which humidity it compares favorably with some of toe best absorb- 
ents. Evidently the method of preparing this silica precludes the 
formation of larger capillaries, but the subsequent treatment with 
H 2 SO 4 , which removes the sodium hydroxide, must leave behind a 
network of the finest capillaries, which are responsible for mois- 
ture absorption at lower humidities. 

Obviously larger capillaries are also present, and there is a fair 
amount of moisture absorption between 70 and 96% humidity. A 
word about toe method of preparation of this material: Water glass 
is dropped on a hot plate; the water quickly evaporates, leaving be- 
hind a spongy mass of dry silica. It appears very porous, but evi- 
dently toe spongy consistency is due to very large pores which are 
unable to absorb any moisture from the vapor phase, just as all the 
pores in a sponge will not be filled by water even from an atmos- 
phere fully saturated with vapors. 
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There Is a general similarity in moisture absorption among the 
various forms of silica prepared by the addition of ammonium salt 
solutions to sodium silicate solution (Table 109). This is to be ex** 
pected, since in each case the precipitation of silica Involves the 
same chemical reaction. 

It is usually recommended in the methods of preparing activated 
silica that the materials to be activated should be ground to some 
fine mesh, varying from 100 to 200. To see if the ground material 
absorbs moisture to a larger extent than the unground, two samples 
of silica were prepared by the addition of NH4NO3 and (NH4)2504. 
In each case one portion of the sample was ground to pass 200 me^ 


TABLE 110. Effect o! grinding 00 the moisture • absorption 

properties of silica. 


Silica prepared ' 

% Moisture absori 

pUon at humidity 

from 

10% 

t6% ' 

70% 

90% 

96% 


1. Sod. alUcate 

Am. Sulphate 
Lumps 

5.S 

8.8 

17.6 

$9.6 ' 

69.6 

71.0 

Powder 

3.8 

8.3 

15.7 

59.8 

59.6 

59.8 

2. Sod. slUcste ♦ 
Am. Nitrate 

Lumps , 

10.0 

13.2 

23.4 

61.7 

61.7 

61.7 

Powder | 

5.4 

8.S 

18.1 

52.1 

52.1 

52.1 


and another portion was not ground at all, but was activated In the 
form of lumps, each lump being nearly 5 mm in diameter (Table 
110 ). 

Grinding, it appears, breaks down some of the finer capillary 
wails, thereby adversely affecting the vapor absorption property. 
These results would be difficult to explain on any other basis except 
the capillary condensation theory. It is Inconceivable that any chem- 
ical action would be adversely affected by grinding, but a mechanical 
collapse of the capillaries or a reorientation of the relative distances 
resulting in a more compact mass may be expected on grinding. 

As pointed out before, the absorptive properties of silica are 
greatly influenced by the manner in which it is prepared. In this 
connection the stage to which drying should be carried before wash- 
ing the gel is especially important. Sufficient data, however, are 
not available in the literature to indicate why the drying should be 
pushed to a given extent. To throw light on this problem, silica was 
prepared according to the following methods: 

(1) Patrick's method: By mixing equal amountsof sodium silicate 
solution of density 1.185 and 2.74N HCl. 

(2) By mixing 0.3N solutions of 

(A) ammonium chloride 

(B) ammonium carbonate 

(C) ammonium acetate 
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silicate solution of density 1.085 in equal volumes. 

(3) By mixing 980 cc of 1.92N ferric chloride solution with 8 liters 
of sodium silicate solution of density 1.030. 

« IJ50 cc of 0.44N aluminum sulphate solution with 

^ ^ sodium silicate solution of density 1.030. 

A i il* niixing 2400 cc of 0.44N chromium chloride solution with 
4.8 liters of sodium silicate solution of density 1.030. 


TABLE 111. Moisture absorption from rartous humidlUes by silica 
dried to different degrees. 


Sample 

Ko. 

Dried to | 
molature 
(%) 

% Moisture at varfonfl hiimMuiA* 

10% 

30%^ 

50% 

16 k 

90% 

90% 

I a 

Not dried 

16.9 

22.9 

27.1 

32.8 

70.4 

94 8 

b 

80.5 

12.4 

16.6 

19.4 

34.3 

59.9 

80 9 

c 

77.8 

11.2 

14.6 

22.3 

24.7 

49.6 

70.0 

d 

56.3 

8.0 

12.6 

21.9 

22.8 

38.6 

62 6 

e 

41.0 

6.2 

8.7 

13.2 

13.9 

25.6 

63.5 

DA a 

88.5 

11.3 

13.2 

18.0 

23.8 

50.0 

62.5 

b 

70.0 

18.6 

29.2 

30.0 

33.7 

66.9 

80.9 

c 

32.1 

7.4 

9.1 

13.2 

25.9 

53.9 

61.8 

riB a 

89.8 

6.6 

7.5 

10.8 

20.3 

54.9 

' 71.0 

b 

75.0 

9.1 

11.1 

18.7 

22.8 

63.8 

79.9 

c 

53.6 

6.8 

10.0 

10.8 

15.3 

58.8 

60.3 

nc a 

89.7 

4.8 

8.2 

10.1 

12.3 

32.3 

54.7 

b 

59.2 

7.8 

12.8 

1 

12.3 

13.8 

87.8 

78.0 

m a 

89.3 

ii.9 

17.4 

64.1 

26.8 

59.6 

69.1 

b 

85.2 

12.9 

16.8 

31.5 

36.8 

65.5 

76.8 

c 

77.3 

15.9 

26.9 

33.3 

71.8 

188.8 

179.6 

d 

63.5 

10.5 

15.0 

16.5 

27.2 

50.4 

62.4 

e 

42.6 

6.S 

7.8 

8.9 

12.5 

36.4 

46.6 

• 

IV a 

87.8 

11.8 

20.0 

26.6 

32.5 

43.4 

44.4 

b 

83.1 

12.7 

22.4 

27.3 

39.3 

44.6 

56.1 

c 

69.9 

13.9 

26.6 

33.3 

40.5 

56.8 

77.0 

d 

39.7 

5.9 

16.4 

21.9 

38.0 

53.3 

89.8 

V a 

89.95 

6.6 

10.4 

18.5 

2S.4 

38.1 

59.9 

b 

87.2 

9.9 

16.9 

31.0 

43.9 

60.0 

82.4 

c 

76.6 

12.3 

20.8 

34.1 

44.8 

68.1 

79.4 

d 

48.2 

12.2 

14.7 

16.0 

24,7 

59.2 

69.8 


The gels in every case were allowed to stand for three days and 
then filtered through a muslin cloth and allowed to mature in a stone 
vessel in layers 5 cm thick. Samples were drawn from these at 
different stages of drying. These samples were washed with water 
in the case of Nos. 1 and 2, and the others with dilute HCl» to re- 
move salts and metallic ions. In the case of acid washings the sil- 
ica was finally washed with water. The samples were then dried in 
an oven for six hours at about 150^ and then activated for about 
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two hours at 200‘’Cinan atmosphere of CO2. The moisture absorp- 
tion at various humidities of these samples was then determined. 
The results are given in Table 111. 

They indicate that there are large variations in the absorptive 
power of silica^ depending on the method of preparation and the 
stage to which it was dried before curing. In sample No. 1 there is 
a gradual decrease in the absorptive capacity as the sample is ma- 
tured at lower and lower moisture content. In all other cases there 
seems to be an optimum somewhere between 70 and 80% moisture. 
The enormous Increase in the absorptive capacity » especially at 
higher humidities in the case of sample mc is remarkable. It is 
not possible to offer any e:q)lanatlon of this abnormality. It was 
noticed that water was actually flowing In this sample at higher 
humidities. It was not a case of swelling of the gel, but somehow 
free water appeared on the surface. At first It was suspected that 
perhaps some free acid had got on the sample, but on re -washing, 
drying, and activating the same phenomenon was noticed. As a 
general rule it appears that maturing below 60% moisture definitely 
results in lowering the absorptive capacity. 

To study the effect of drying at higher temperature, Holmes' sil- 
ica was dried over a water bath at 50 to 60%. Samples were drawn 
at different time intervals and moisture content determined. The 
samples were then washed with HCl, dried and activated as usual. 
Moisture adsorption with these samples was determined at different 
humidities. The results showed the same general run as before, 
when the samples were dried at ordinary temperature. There still 
seemed to be an optimum moisture absorption at the curing mois- 
ture content of about 70%. In Holmes' silica No. IIIC in the previous 
case, the enormous increase in moisture absorption mentioned In 
case of room temperature was not confirmed at higher temperature, 
for neither at 80.3% nor at 70.3% was there any phenomenal change 
in moisture adsorption. Of course, the results in case of sample 
me refer to curing moisture content of 77.3%, but it should be con- 
sidered near enough to 80.3%, unless this sudden increase is ex- 
traordinarily sensitive to small variations in moisture during cur- 
ing. 

The Importance of stage of drying and curing led to trial of drying 
under vacuum and without vacuum over sulphuric acid. The gels 
were allowed to dry over sulphuric acid alone at first, and then also 
under vacuum so that the drying would be quicker. The samples 
were withdrawn, washed with water in the case of Patrick's silica 
and with HCI in the case of Holmes', dried and activated as usual. 
The moisture absorption of these samples was determined at vari- 
ous humidities and the results again revealed the enormous effect 
of drying on the moisture absorption capacity of silica. The ab- 
normal effect of drying Holmes' silica No. Ill to a particular mois- 
ture content, namely, in the neighborhood of 74 per cent, was con- 
firmed. It was noted that when the state of drying was reduced by 
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only 2% the moisture absorption at 90% humidity fell from 97.7 to 
52.4%. 

Effect of T emperature of PreciolUtion on Moisture Absorption 
In order to study the effect of temperature at the time of precip- 
itation of silica, Holmes' silica was prepared by mixing ferric 
chloride solution and sodium silicate at different temperatures. 
After precipitation, the gel was filtered through cloth and washed 
Immediately with dilute acid and then with water. The sample was 
dried at 150®C for six hours and then activated as usual (Table 112). 

It will be seen that the temperature of precipitationhas an appre- 
ciable effect on moisture absorption capacity. It appears that there 
is an optimum at 40®C. There appears to be, however, a wide rai^e 
of temperature, as the results at 23.5®C are not very different from 
those at 40«C or even at 60«C, though there is definite falling off at 


TABLE 112. Effect of temperature c4 preclplUUon on moleture 
absorption by Holmee* eillen. 


T«mp«rttur« 

(•C) 

% Moisture fct wlouj humldltl6> 

10% 


50% 



99% 

10.0 


14.4 

21.S 



46.9 

23. S 


16.6 

26.9 

90.9 

66.4 1 

72.6 

40.0 

14.2 

17.1 

26.9 

36.7 

66.8 

79.9 

$0.0 

14.1 

19.2 

25.9 


66.3 


60.0 

14.6 

16.6 

26.0 

36.4 

66.3 

76.9 

70.0 

12.7 

16.7 

22.4 

32.1 

$7.4 

67.2 

76.0 

12.6 

16.6 

21.6 

39.6 

1^1 

66.1 


lO^C and 75^C. The optimum range of temperature may, therefore, 
be regarded as between 20 and 60^C. 

Effect of Gradual Removal of the Metallic Ion by Acid Treatment 
of Silica Precipitated by the Addition of Salts of Different Metals 
The well known method of preparing Holmes' silica is based on 
the principle that when a metallic ion is coprecipitated with silica 
and subsequently removed, the resulting silica is left more porous 
on account of the spaces which were occupied by the metallic ions. 
It follows from this that the size of these capillary spaces might be 
influenced by the atomic volume of the metallic ions. The following 
metallic ions were, therefore, used for coprecipitation: Fe, Cr, Al, 
Co, Ni, Cu, Ca, Ba, Al. The outline of the method followed in each 
case is given below: 

Method of Preparation 

I. Iron Silicate : 2 1/2 liters of 2H ferric chloride solution added 
to 12 1/2 liters of sodium silicate solution of density 1.032. 

n. Chromium Silicate : 3 liters of 0.22N chromium chloride solu- 
tion added to 3 liters of sodium silicate solution of density 1.032. 

in. Cobalt Silicate : 3 liters of normal cobalt acetate solution 
added to 3 liters of sodium silicate solution of density 1.032. 
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XV. Nickel Silicate ; 3 liters of normal nickel sulphate solution 
added to 3 liters of sodium silicate solution of density 1.032. 

V. ^npper Silicate: 3 liters of 0.2 2N copper sulphate solution 
3 liters of sodium silicate solution of density 1.032. 

VI. Calcium Silicate : 3 liters of 0.22N calcium chloride solution 
added to 3 liters of sodium silicate solution of density 1.032. 

vn. Barium Silicate: 3 liters of 0.22N barium chloride solution 
added to 3 liters of sodium silicate solution of density 1.032. 

Vm. Aluminum Silicate : 3 liters of 0.22N aluminum sulphate added 
to 3 liters of sodium silicate solution of density 1.032. 

The various silicates thus prepared were allowed to dry in air to 
a moisture content of 70 to 75%» which is found to be the optimum 
for maximum activity (see Table 111). The samples thus dried 
tvere treated with varying amounts of acid to remove the metallic 
ions to different degrees. The samples were then washed free of 
acid, dried and activated. The amount of metallic ion in each case 
was determined on the dried sample. The following properties of 
these samples of silica were determined: 


TABLE 113. Moisture absorption of ▼arlous silicates at 
different humidities. 


Sample 

Ho. 

%of 

metallic 




Iditv 



oxide 

10% 1 

30% 

50% 

■pnsi 

Ei3l 

96% 

Iron silicate matured at 74.3% 






1 

2.3 

5.6 

7.3 

6.5 

11.4 

21.3 

42.2 

3 

7.73 

6.6 

12.0 

10.0 

15.7 

66.8 

86.3 

3 

5.62 

7.7 

13.1 

18.2 

21.2 

51.8 

84.8 

4 

4.11 

11.9 

13.6 

12.6 

25.3 

43.6 

79.2 

5 

2.79 

10.4 

14.6 

14.9 

22.5 

53.0 

79.7 

6 

2.19 

• 

V 

• 1 

16.6 

64.6 

71.8 

7 

1.15 

10.9 

11.9 

21.1 

16.6 

59.9 

92.2 

8 

0 

9.5 

10.9 

13.7 

18.8 

54.2 

88.0 

Aluminum silicate matured at ' 

73.7% moisture eontent 



1 

10.42 

3.1 

7.2 

6.4 

10.3 

20.2 

36.1 

2 

7.83 

5.6 

6.7 

9.7 

18.9 

35.5 

55.0 

3 

5.16 

5.2 

7.7 

9.6 

16.2 

34.6 

51.3 

4 

3.24 

8.6 

10.8 

12.9 

18.2 

37.1 

63.0 

3 

1.76 

5.8 

7.6 

9.6 

14.4 

32.2 

49.9 

6 

0 

9.8 

12.5 

14.2 

19.1 

39.5 

79.9 


(1) Moisture absorption at different humidities. 

(2) Alcohol absorption at different relative vapor pressures. 

(3) Heat of wetting. 

(4) Ammonia adsorption. 

(1) Moisture absorption at different humidities. The moisture 
absorption was studied from atmospheres of different humidities 
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obtained by H2SO4 - water mixtures o£ different concentrations In 
desiccators. E<|ui librium was attained in seven days. The results 
are given in Table 113, only for A1 and Fe silicates. The general 
run of the results in the case of other silicates was similar. The 
following general conclusions emerge from the entire data. 

(1) There is gradual increase in the absorptive capacity as 
the metallic ion is removed. 

(2) In some cases there seems to be an optimum beyond which, 
if the metallic ion is removed, the absorptive capacity tends to fall. 

(3) Ni, Cu, Ba, on the whole show lower absorptive capacity 
when they are removed from their corresponding silicates than do 
silicates of Al, Cr, Co, Fe. 


(2) Alcohol absorption . Very Uttle work has been done on the ab- 
sorption of organic vapors by silica gels. The problem is of inter- 
est from the point of view of the capillary structure of silica gel. 
If the absorption of vapors is entirely due to capillary condensation 
brought about by purely surface-tension effects, then alcohol ad- 
sorption should run parallel to moisture absorption results. The 
absorption of alcohol was studied by placing about 0.5 gram of the 
sample in desiccators containlr^ alcohol - glycerin mixtures In 
the following ratio: 


% by volume of 
glycerin in 
alcohol 

23.9 
55.7 
83.4 

91.9 


% Relative vapor 
pressure 

91.2 

76.31 

46.56 

24.14 


The time of exposure was seven days. The results are recorded 
In Table 114, for silicates of Al and Fe only. The results for alco- 
hol absorption are parallel to those of moisture absorption. 

(3) Heat of wetting. Heat of wetting was determined in a Thermos 
flask by adding a known weight of the sample to 200 cc of water and 
noting the rise of temperature. The usual precautions were ob- 
served and heat of wetting calculated in calories per 100 grams of 
the sample. The results of different samples are given in Table 
115, the silicates of Al and Fe being selected as typicalof the entire 
series. 

(4) Ammonia absorption. 4 grams of the sample were placed in 
contact with 20 cc of normal ammonia and shaken in a mechanical 
shaker for 48 hours. Samples were then completely dried in an 
oven at 100 to 120^. The dried sample was distilled with lime to 
drive off the ammonia, which was absorbed in standard acid and 
back -titrated. The amount of ammonia absorbed in milllequivalents 
per 100 grams of sample are included in Table 115. 
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TABLE 114. Alcohol abaorptloD by v»rloos silicates. 


Sample 

No. 

%of 

metallic 

oxide 

% alcohol absorbed at relative 
vanor nressure 

21.14% 

46.56% 

76.31% 

51.H 

Ferric sU 

icate matured at 74.5% moisture content 


1 

8.3 

2.3 

3.8 

3.9 

6.0 

8 

2.73 

8.11 

10.0 

9.1 

30.3 

d 

5.62 

8.5 

8.9 

12.1 

34.2 

4 

4.11 

13.S 

14.9 

22.1 

42.3 

S 

2.78 

12.5 

15.1 

19.9 

46.2 

6 

2.19 

2.0 

4.2 

6.1 

22.6 

7 

1.15 

12.6 

13.9 

19.4 

46.2 

8 

0 

10.0 

12.8 

16.8 

43.7 

Aluminum silicate matured at 73.7% moisture content 


1 

10.42 

4.6 

5.1 

S.2 

6.8 

2 

7.63 

7.5 

8.7 

9.8 

19.4 

3 

5.16 

2.7 

4.3 

9.2 

10.9 

4 

3.24 

6.3 

8.7 

15.1 

22.1 

5 

1.75 

7.9 

8.8 

10.0 

19.3 

6 

0 

8.6 

10.7 

16.1 

23.4 


TABLE 115. Heat of vetting and ammonia absorption of various slUcates. 


Sample 

No. 

%of 

metallic 

oxide 

Heat of wetting 
(calories per 

KM) g of sample) 

Ammonia taken up 
(m.e./lOO g) 

Ferric silicate matured at 74.5% moisture content 

1 

9.3 

16.10 

46.67 

2 

7,73 

17.37 

45.0 

3 

5.62 

23.93 

43.75 

4 

4.11 

24.44 

38.76 

6 

2.79 

22.50 

96.25 

6 

2.19 

21.45 

28.75 

7 

1.15 

22.79 

27.50 

8 

0 

22.06 

20.0 

Aluminum silicate matured at 73.7% moisture content 

1 

10.42 

14.1 

40.0 

2 

7.83 

19.5 

64.37 

3 

S.16 

15.6 

S6.2S 

4 

3.24 

22.2 

65.0 

$ 

1.75 

19.9 

62.5 

6 

0 

25.4 

42.5 
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It will be seen from Table 115 that there is no correlation be- 
tween heat of wetting and ammonia absorption. This is easily un- 
derstood when it is remembered that moisture absorption is due to 
capillary condensation, a purely physical phenomenon, whereas 
ammonia absorption is a chemical reaction between an acid and a 
base. However, there is some parallelism between heat of wetting 
and moisture absorption, as would be expected. 

Effect of th e Nature of Acid on the of 

Precipitated Silica ^ 

In order to study the effect of the nature of the acid used for pre- 
cipitation on the moisture absorption, heat of wetting and ammonia 
absorption of the precipitated slUca, the foUowlng acids were used 
for precipitation: 

I HCl (a 

( 

(b 

II HNO3 (a 

(b 

HI H2SO4 (a 

< 

(b 

rv H3PO4 (a 

(b 

V CH«COOH (a 

{ 

(b 

All acids of normality 2.74 were mixed with equal volumes of 
sodium silicate solution of density 1.185. The precipitated silica 
was filtered Immediately and washed with water after seven days 
in one case (to get sample a) and three weeks In the other (to get 
sample b). The washed samples were dried and activated at 200^C 
in a current of CO2 as usual. The results of moisture absorption, 
ammonia neutralization and heat of wetting are given in Table 116. 

It will be seen that there are large variations in moisture absorp- 
tion, heat of wetting, and ammonia absorption due to the nature of 
the acid used for precipitation. On the whole, strong acids like HCl 
and HNO3 give more absorbent silica than others. It was concluded 
from this that perhaps pH value may be playing an important role 
In determining the activity of the precipitated silica. To determine 
the effect of pH at the time of precipitation of silica, different sam- 
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pies were obtained by mixing different volumes of 2.75N HCl with a 
fixed amount of sodium silicate solution; 150, 225, 800,400 and 500 


TABLE 116A« Moisture absorption of silica precipitated by various acids. 


Sample 

No. 

Matured at 
moisture 

{%) 

% Moisture absorbed at different humidities 

10% 

msim 

50% 

K2S 

msiM 


I a 

68.6 

5.4 

8.2 

19.6 

20.7 

36.3 

67.1 

b 

49.9 

6.2 

8.5 

16.7 

19.7 

29.1 

46.8 

n a 

69.78 

4.0 

13.4 

16.9 

28.7 

40.0 

69.3 

b 

49.7 

3.10 

9.4 

9.8 

23.8 

34.1 

68.0 

m a 

68.6 

1.3 

7.1 

8.6 

10.0 

23.8 

60.2 

b 

52.3 

2.0 

S.1 

6.1 

6.9 

21.5 

53.1 

rv a 

69.6 

1.1 

s.s 

5.3 

12.1 

50.6 

83.1 

b 

49.4 

3.5 

5.9 

8.0 

12.1 

39,7 

85.4 

V a 

64.1 

1.6 

6.6 

7.9 

21.3 

28.1 

36.2 

b 

51.2 

1.4 

7.2 

7.8 

14.7 

20.4 

32.5 


TABLE 116B. Heat of wetting and ammonia neutralisation by slUca 
precipitated with different acids. 


Sample 

No. 

Heat of wetting 
(calories per 100 g) 

Ammoiua taKea up 
(m.e. per 100 g) 

I a 

20.9 

7,6 

b 

15.4 

6.25 

n a 

16.5 

11.26 

b 

15.3 

6.25 

m a 

13.0 

11.25 

b 

17.3 

7.5 

IV a 

10,7 

6.25 

b 

13.5 

6.75 

V a 

12.7 

5.0 

b 

11.1 

5.0 


TABLE 117. Moisture absorption by silica samples precipitated 

at different pH values. 


Sample 

No. 

pH 

% Moisture absorb^ at different humidities 

10% 1 

30% 


75% 

55% 1 

96% 

1 

11.9 

1 

6.3 

7.8 

11.2 

19.7 

38.3 

69.3 

2 

11.63 

6.3 

7.S 

12.1 


39.7 

71.2 

3 


6.1 

7.1 

11.2 

21.3 1 

39.9 

11.2 

4 

9.90 1 

6.5 

7.8 

10.2 

20.9 ' 

38.8 

67.5 

5 

4.72 


13.5 

17.1 

29.5 

52.1 

82.3 


cc of acid were added. The pH of these solutions was then deter- 
mined. The five samples thus obtained were filtered, washed, dried 
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and activated as usual. The moisture absorption of these samples 
was then determined (Table 117). 

These data show that in the alkaline range there Is not much dif- 
ference in activity due to pH changes. There is, however, a big 
difference when the precipitation is done in the acidic range. This 
confirms the earlier results that stronger acids on the whole give 
more absorbent silica. 

Effect of Precipitation of Silica with Ferrous and Ferric 
Sulphates and Subsequent Removal of Iron 
As stated before, Holmes* method of preparing silica consists in 
precipitating iron silicate, which Is then treated with acid to re- 
move the metal. The precipitation is usually done by adding ferric 
chloride. To see whether the valency of the metallic ion has some 
Influence on the properties of the resulting silica, both ferrous and 
ferric salts were used for precipitation; 2N solutions of ferrous and 
ferric sulphate were mixed with four times their volume of sodium 
silicate solution of density 1.032, and the gel allowed to dry in air. 
One sample of the iron silicate precipitated with ferrous sulphate 
was kept in air to dry and also to be oxidized, while another portion 
was allowed to dry In a stoppered bottle to prevent oxidation. The 
color of the ferrous silicate was blue, which subsequently changed 
to brown on oxidation in air. The sample kept in the stoppered 
bottle showed less browning at the surface, the entire mass remain- 
ing blue. The various samples after maturing were treated with 
acid, and then washed with water, dried and activated as before. 
Moisture absorption, heat of wetting and ammonia absorption of 
these samples were determined. The results showed that there is 
not much difference in the absorption power of silica prepared by 
using ferrous or ferric ions. 

Effect of Precipitation of Silica in the Presence of 
Inert Substances on its Properties 
As the absorptive properties of silica are mainly due to the size 
of the microcapillaries, it appeared reasonable to suppose that if 
at the time of precipitation some inert substances with high molec* 
ular weight were present, the size of the capillaries in the precip- 
itated silica might be affected. To study this point, silica was pre- 
cipitated in the presence of glycerol and sugar of different concen- 
trations. To 500 cc of sodium silicate solution of density 1.15, con- 
taining 10, 25, 50, 87.5, 125, 250 cc of glycerin, were added 500 cc 
of 2.7SN HCl each time. The resulting gels were washed with water 
till free from extraneous matter and then dried and activated as 
usual. The samples are named as follows: 
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Obtained by addition of the following 
grams of sugar to 500 cc of 
Sample No. sodium silicate 


1 

2 

3 

4 

5 

6 


Sample Ko> 


10.0 

25.0 

50.0 
87 1/2 

125.0 

175.0 

Obtained by addition of the following 
cc of glycerin to 500 cc of 
sodium silicate 


7 25 

8 50 

9 87 1/2 

10 150 

11 250 

Moisture absorption, alcohol absorption, heat of wetting and am- 
monia absorption of these samples were determined. A close pe- 
rusal of the results of precipitation in the presence of sugar or 
glycerin showed large variations In the properties of silica, but 
these variations are not in any definite or^r. 

To increase the siae of the capillaries, A1 and Fe silicates were 
precipitated in the presence of excess of AI2O3 and Fe203. The 
eiqperiment was arranged as follows: 

Excess NaOH was added to sodium silicate, to which Fe or A1 
salts were then added, thus precipitating an excess of the hydroxide 
with the silicate. Fe and A1 were then gradually removed from the 
precipitated gels and the following fractions were obtained: 

(1) Sample of ferric silicate . 4 liters of sodium silicate solution 
of density 1.032 were mixed with 4 liters of NaOH solution and to 
this 8 liters of 2N ferric chloride were added. The gel was filtered 
after 3 to 4 days and allowed to mature In atmosphere. After nearly 
a weelc, the entire quantity was divided Into six parts and to these 
increasing amounts of the acid were added. The samples were 
washed, dried and activated and the per cent of Fe203 determined 
in each. 

Sample No, % of Fe ^O^ 


1 

2 

3 

4 

5 

6 


36.2 

26.45 

22.4 

12.9 

5.8 

0 
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Samples of AI silicate . 4 liters of sodium silicate solution of 
density 1.032 were mixed with 4 liters of normal sodium hydroxide 
solution and to this 8 liters of 0.22N aluminum sulphate we re added. 
The resulting gel was filtered and allowed to znature in air and then 
treated with varying amounts of acids, washed, dried and activated 
as usual. The per cent of AI2O3 was determined in each sample. 


Sample No. 

7 

8 
9 

10 

11 

12 


%_^f_A1^0g 

22.0 

17.14 

13.50 

8.99 

5.81 

0 


(3) Samples of ferroalumino silicate . 6 liters of sodium silicate 
solution of density 1.032 were mixed with 5 liters of normal NaOH 
and to this were added 6 liters of nearly normal solution with re- 
spect to both Al sulphate and ferric chloride. The gel was allowed 
to stand for a couple of days, allowed to mature in air for six days, 
and then treated with different amounts of acid. The per cent of 
sexquioxides was then determined in each case. 


mple No. 

5LZ®2®3 


13 

17.46 

7.99 

14 

15.18 

6.47 

15 

12.50 

5.12 

16 

8.96 

3.82 

17 

2.60 

2.39 

16 

0 

0 


Moisture absorption results are given in Table 118. The results 
of this study, coupled with previous observations, give rise to the 
general conclusion that the precipitation of silica and the nature of 
Its capillary structure are largely dependent on chance association 
of a number of factors. This points strongly to the fact that mois- 
ture absorption by silica is mainly a physical effect which depends 
on the size distribution of minute capillaries. The formation of 
these capillaries is capable of infinite variations, and the properties 
of resulting silicas as regards moisture absorption must vary cor- 
respondingly. It is significant to note that if the variations were 
entirely due to differences in the extent of the surface, the vapor 
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pressure curves would shilt bodily oneway or the other. On the 
other hand, if a change occurs in the size dlstzibuUon of capillaries, 
the resulting silica will show unequal changes in moisture absorp- 
tion at all humidities. The moisture absorption of silica, therefore, 
is entirely due to capillary condensation at all humidities. 


TABU lid. Moisture absorption by silica samples precipitated 
in excess of Al20^. 


Sample L S Moisture absorbed at different humldiaes 
No. 
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